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SUMMARY

This team aimed to understand the broad implications of changes of operating performance and
parameters of a fuel cycle component on the entire system. In particular, this report documents the study
of the impact of changing the loss of fission products into recycled fuel and the loss of actinides into
waste.

When the effort started in spring 2009, an over-simplified statement of the objective was “the number of
nines” — how would the cost of separation, fuel fabrication, and waste management change as the number
of nines of separation efficiency changed. The intent was to determine the optimum “losses” of TRU into
waste for the single system that had been the focus of the Global Nuclear Energy Program (GNEP),
namely sustained recycle in burner fast reactors, fed by transuranic (TRU) material recovered from used
LWR UOX-51 fuel.* That objective proved to be neither possible (insufficient details or attention to the
former GNEP options, change in national waste management strategy from a Yucca Mountain focus) nor
appropriate given the 2009-2010 change to a science-based program considering a wider range of options.

Indeed, the definition of “losses” itself changed
from the loss of TRU into waste to a generic
definition that a “loss” is any material that ends up connecting these three Campaigns at a
where it is undesired. All streams from either technical level that had not previously
separation or fuel fabrication are products; fuel feed
streams must lead to fuels with tolerable impurities
and waste streams must meet waste acceptance

The effort has provided a mechanism for

occurred — asking smarter and smarter
guestions, sometimes answering them,

criteria (WAC) for one or more disposal sites. And, | discussing assumptions, identifying R&D

these losses are linked in the sense that as the loss of | needs, and gaining new insights. The FIT

TRU into waste is reduced, often the loss or model has been a forcing function, helping the
carryover of waste into TRU or uranium is

team in this endeavor. Models don’t like

increased.

A major addition in FY 2010 was exploratory analysis of “modified open fuel” cycles, employing
“minimum fuel treatment” as opposed to full aqueous or electrochemical separation treatment. This
increased complexity in our analysis and analytical tool development because equilibrium conditions do
not appear sustainable in minimum fuel treatment cases, as was assumed in FY 2009 work with
conventional aqueous and electrochemical separation. It is no longer reasonable to assume an equilibrium
situation exists in all cases.

This team effort has two types of value. The first are findings regarding the nature of the problem of
fitting the fuel cycle together in multi-recycle scenarios, as described in Section 2. These findings both
guided and resulted from the attempt to create the Fuel-cycle Integration and Tradeoffs (FIT) model,
which is described in Section 3. The FIT model is a new attempt at integrating the fuel cycle at the level
of chemical groups. By integration, we mean blending of feed streams, fuel fabrication, reactor, used fuel
separation, and waste management. The second are quantitative analyses with the beta version of the FIT
model, presented in Section 4. The model was not the task objective, its creation and use has been a tool
toward the teams’ objectives.

Figure S-1 illustrates the central challenge of the discharge side of nuclear fuel cycles—how can active
radioactive materials “in service” be dispositioned?® All mass must eventually leave active status, to
either be readied for recycling or permanently disposed. These questions arise: What options exist for

a.  For this report, the nominal used fuel coming into the recycle loop is light water reactor (LWR) uranium oxide fuel at 51
MWth-day/kg-iHM burnup.

b.  The central challenge of the upstream side of nuclear fuel cycles is obtaining materials that must be put into radioactive
service.
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individual technologies, how should such options integrate to make a system, and when and for how long
can materials be recycled? In short, what are the sagacious disposition options? This recycle losses study
aims at answering those questions via time-independent, equilibrium analyses. Until materials are treated
to achieve impurity limits, active materials cannot be re-used as new fuel, stored as recovered uranium
(RU), stored as depleted uranium (DU), re-used as zirconium, re-used as graphite, used for non-energy
applications,” etc. As this list shows, there are more materials to be considered than simply transuranic
(TRU) elements. Fuel impurity limits are based on fuel fabrication, service conditions, and performance
estimations. And, until any candidate materials are treated to comply with waste acceptance criteria
(WAC), those active materials cannot be disposed as high-level waste (HLW), low-level waste (LLW)
qualifying for near-surface burial, or intermediate categories. WAC are established by the waste receiver.
Thus, separation produces two sets of products that must meet criteria: recycled materials and wastes.
Loss of useful materials into wastes impact meeting WACs, and loss or carryover of non-useful materials
into recycle fuel streams impact impurity limits; hence, these issues are linked.

RU/DU for Reuse Zr,
eventual use graphite, etc

New fuel (one or
more TRU)

A

Impurity limits

Fission product

» targets?
Active radioactive
materials
N
WAC
R\ High heat Low heat
I & T A N\
High long-term Unprocessed used fuel/HLWW Low heat/high longevity waste
radiotoxicity Deep geological burial Examples: US entombed
(extended Examples: none waste, WIPP, German Konrad
10CFR61 limits?) mine
Low long-term High heatr‘low longevity waste LLW (Class C)_
radiotoxicity Examples: decay storage Near-surface burial
Examples: SC, UT, WA

Figure S-1. Central challenge of the downstream side of nuclear fuel cycles

The FY 2009 losses study analyses were done piece-meal with sets of spreadsheets, expert judgments,
and a Decision Programming Language mini-model (Shropshire 2009). We realized in FY 2010 that it
was time to make a FIT model to automate our analyses and to harvest expert judgment in a more
systematic way as we analyzed different aspects of material management within the fuel cycle and step

c.  Although outside of our scope, we note that there is a wide range of potential non-fuel uses of material discharged from a
reactor (cladding, fuel matrix materials such as zirconium in Zr-U-TRU fuels, graphite moderator), isotopes for non-energy
nuclear applications such as medicine, food irradiation, and detectors, and non-radioactive service for lanthanides that do not
have long-lived radioactive isotopes. Imagine nuclear-enhanced wind energy by using recovered neodymium, a main
component of permanent magnets in wind turbines. The longest-lived artificial neodymium isotope is Nd-147 (10.98 day
halflife).
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back to evaluate the impacts of higher level issues and drivers (e.g., fuel cycle selection that minimizes
the generation of TRU, simplifies treatment for closure, minimizes or eliminates recycle, minimizes
proliferation risk, etc.).

Our analyses are limited to:
e Commercial nuclear energy fuel cycles.
e Uranium-transuranic element fuel cycles (as opposed to thorium-uranium fuel cycles)

e Light water reactors and sodium-cooled fast reactors - we readily acknowledge that there are a
wide range of alternatives to be studied in the future.

e Fast reactors that consume more TRU than they make, i.e., burner fast reactors as opposed to
breeder fast reactors.

e Four used fuel treatment options: aqueous and electrochemical are taken as examples of
traditional, full separation techniques and Atomics International reduction oxidation (AIROX)
and melt-refining are taken as examples of limited separation, also known as minimum fuel
treatment (MFT). There is a wide range of variations and alternatives to be studied in the future.

The rest of this summary pertains to six topics. Each pulls together information scattered throughout the
report. In essence, these six topics are cross-cuts that pervade our analyses, results, and conclusions.

Topic 1. The R&D program must improve chemical completeness and
consistency

In fuel cycle systems, most of the elements from 1 (hydrogen) to 98 (californium) can be involved. Early
in the Losses Study, we realized that we may have to consider any and all of these elements. Through our
analyses and discussions, some things have come into sharper focus.

First, consider some trends in the periodic table.

Often, the sources of chemical elements are organized horizontally in the periodic table. For example, the
first row of transition metals contains most of the constituents of steels, a likely source of impurities. The
second full row of the periodic table (with the second row of transition metals) contains most of the
fission products, a known source of impurities. Furthermore, when fission products decay into each
other, they move left or right in the periodic table.

The behaviors and constraints of chemical elements are often organized vertically in the periodic table.
For example, the halogens’ column (Group 17) have similar chemical properties and indeed the 2009
working Fuels Campaign limits on metal fuels (Shropshire2009) constrain the TRU feedstock’s content of
F+CI+Br+I to 300-ppm total, without regard to the mix among those elements, because of fuel cladding
corrosion. The corresponding halogen limits on oxide fuels constrain TRU feedstock content of F+CI to
60 ppm; no limit is given for Br or .

The above examples are indicative of several observations.

e Fuels campaign working limits are often for groups of elements that have similar impact on fuel
performance, many of these limits include elements with different origins (fission products and
non-fission products). Therefore, one must eventually analyze all impurities together. For
example, it would be non-conservative to allocate or “use up” all of an impurity limit on fission
product-origin impurities if there are other potential impurities in that group. For metal fuels, this
means one would presumably not want to allocate the entire 300 ppm-halogen limit to only the
fission products Br and I, leaving no margin for F or Cl.
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The question is posed to the Fuels Campaign about exactly which elements belong in each
chemical limit. For example, there is no explicit limit on Br and I for oxide fuel TRU feedstock,
yet these are fission products and will appear in any recycle stream. Should they be added to the

60-ppm limit on F and CI?

The second complexity is the mis-match between those elements for which Fuels Campaign working
limits exist versus those for which there is separation data.

All former fuel specifications have dealt with impurities from mining, milling and enrichment
operations. There has been far less consideration of transmutation fuels where a different set of

impurities from fission products are the major concern.

Typically, there are separation data for major fission
products, but there are often not fuel impurity limits for
those elements. Therefore, it is impossible t know if the
separation efficiency is too tight or too loose for those
elements. It would be incorrect to assume that a non-limited

The two sets of Fuel Campaign
working limits on impurities
and the four sets of separation
factors are summarized in

element is truly without limit. Br and I in oxide fuel TRU
feedstock is an example; although they are not currently
limited, we believe it is likely they should be included with
the F and CI limit. Tables 4-3 and 4-5 contain estimates of
oxide and metal fuel impurities for which no current limit
exists. For example, with uncertainties of at least a factor of
2 (up and down), we estimate Pd at ~1000 ppm in both types
of fuels. Should there be a limit on Pd impurity? Also, Te
appears to be an impurity in either oxide or metal fuel at
hundreds of ppm, is this acceptable?

Section 2 by color-coded
Periodic Tables. So, the reader
can see at a glance the degree
of completeness, the presence
or absence of trends, which
elements are limited but have
nil separation data, and which

e There are Fuel Campaign working limits for many elements for which there are little or no
separation efficiency data. In some cases, there are limited data that have not yet been included
in mass balances. For example, we find little or no separation data for first row transition metals
in uranium-extraction (UREX+1), electrochemical, air reduction/oxidation (AIROX), or melt-
refining, even though that row contain the major constituents of steel and nickel-based alloys (Cr,
Mn, Fe, Co, Ni). Here, “UREX+1" refers to any of the process schemes that product uranium
and mixed-TRU streams for recycle.

e Because fuel fabrication and performance are based on different chemical characteristics for
oxide versus metal fuels, one cannot assume that elements of the same chemical group face
comparable limitations in two different fuel types.

In short, there are little or no separation data for several elements the Fuels Campaign limits; and no
limits for several elements for which there are separation data.

The third complexity is that chemical alteration to fuel and waste streams is not limited to separations.
Most fuel fabrication methods include a feed conditioning step that involves dissolution or melting of the
feedstock. This has to be considered in the proliferation risk assessments and the definition of “minimum
fuel treatment.” It also motivates integration of separation and fuel fabrication.

Uranium enrichment alters chemistry. We define four types of uranium: depleted uranium (DU) from
enrichment, natural uranium (NU), enriched uranium (EU), and recovered uranium (RU) from
separations. DU and EU are considered extremely pure, as they are the result of uranium enrichment, in
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which the uranium was fluoridated into UF, gas.* NU or RU will not be as pure. The differences in
uranium isotopes among DU, NU, EU, and RU are naturally important; yet, Section 4 shows some
differences between pure and impure uranium. Of course, NU or RU could be purified to the same degree
as DU or EU.

Waste form fabrication also alters chemistry. So, combining these considerations, we make these
observations and suggestions.

Chemical analysis of fuel cycle options must include ore processing, enrichment, separations (if
any), fuel fabrication, and waste form.

The feasibility and performance of a set of technologies to make a fuel cycle cannot be
established until the chemistry is analyzed all the way through.

Assessments of technology availability and potential misuse for proliferation resistance
evaluations should not be limited to used fuel separations.

In addition to the above observations on the completeness of data, we make these observations on the
state of data.

The experimental basis for quantifying the degree of separation of the lanthanides from actinides
ranges from having data for several lanthanides from UREX+1 tests to limited data for melt
refining or AIROX or remains to be developed for some proposed separations. Often, the
behaviors of all the lanthanides are extrapolated from data for only a few of them; yet, as is the
case with transition metals and actinides that have multiple possible oxidation states, the behavior
of individual lanthanide elements may vary from that of the others.

The fate during separations of non-fission

) > ) It is important to understand the inherent
product impurities is often inadequately

understood (e.g., C-14, C1-36, and some properties and capabilities of a given
elements that have concentration limits for separation technique, versus add-on

fuel fabrication). possibilities via secondary processes.

Because separation techniques use different Likewise, it is important to understand how
chemical characteristics (volatility, selective assumptions may be constraining possibilities.
oxidation, complexation in nitric acid, etc.) An assumption that looks relatively

one cannot assume that elements of the same
chemical grouping (as we have defined them)
behave the same in two different separation

unimportant to one set of experts may have
major ramifications to other disciplines. A

techniques.

UREX+1 variants have only been tested at the laboratory scale. Industrial implementation would
likely require modifications (secondary processes) that address components that do not behave as
expected in the conceptual process, such as molybdenum, ruthenium, etc. This would be true for
any process, €.g. electrochemical separations, and is the case for Plutonium-Uranium Reduction
Extraction (PUREX). If these secondary processes overwhelm the basic process, then the basic
process should be reconsidered.

In this year, we spent considerable time analyzing AIROX and melt refining, which have been mentioned

as possible “minimum fuel treatment” options as part of the modified open cycle strategy. We make these
observations regarding chemical consistency and complexity. (Other observations are in later “topics” in

the summary.)

d.  Thus, the impurity level in uranium feedstock as a function of U235 enrichment has a spike at NU (impure), pure both above
and below 0.71% U-235.



Losses Study
September 15, 2010

The definition and assessment of “minimum fuel treatment” must reflect both separation and
subsequent fuel fabrication. For example, current TRISO fuel fabrication involves a dissolution
step, apart from whether or not separation of used fuel is the source of the feed material.

All fuel treatment methods (even minimum fuel treatment) have some chemistry associated with
them, i.e., oxidation reactions to enable separation due to the variable volatilities among different
chemical species in AIROX. Chemistry includes physical chemistry such as volatility as well as
redox and solution chemistry.

Elements that are not specifically limited in the current fuel impurity limits may need to be
reconsidered if the program is to consider minimum fuel treatment options. For example, the only
limits on noble metals—ruthenium, rhodium, palladium, silver, rhenium, osmium, iridium,
platinum, gold—are for oxide fuels, specifically ruthenium for fissile displacement, and silver for
undesirable oxides and fissile displacement. Minimum fuel treatment options typically do not
remove noble metals. Thus, the question arises: would minimum fuel treatment approaches put so
much noble metal content in oxide or metal fuels as to cause a problem? Or, would other hard-to-
separate materials continue to be the limiting elements?®

The reasons for working limits on impurities in oxide and metal fuel feedstock include fabrication
difficulties, formation of oxides/intermetallics, attack on fuel cladding, displacement of fissile
content, and neutron absorption. If the program is to consider minimum fuel treatment options,
solutions will have to be considered for many of these issues for particular combinations of fuels,
fabrication technology, and separation technology.

Topic 2. Don’t forget the uranium

Figure S-2 illustrates the basic mass flows in our analysis. It is the simplest framework on which we
could base our analysis. Several user-defined inputs were fixed for the initial analysis — on technologies
and parameter ranges for which we had the most knowledge and for which individual parts of the
calculation could best be validated. The incoming used fuel is always LWR UOX-51 in this report.
Separation of used UOX-51 starts a recycle loop with a fast reactor, which is always a fast reactor with a
transuranic conversion ratio of 0.50 in this report. FIT will enable work on other cases.

c.

AIROX does not remove the lanthanides, but it does remove 100% of the silver, so it might be expected that noble metals
would not be limiting in such an approach. Melt refining (with an oxidizing crucible) does remove ~95% of the lanthanides,
so noble metals might be found to be limiting.
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Figure S-2. Basic mass flows; our quantitative tool does not yet address EU feed as an option.

Note that separation-1 and/or separation-2 may have both a TRU-U product and a recovered uranium
(RU) product. Fundamental reactor physics indicates that when recycling, there is excess uranium if the
transuranic conversion ratio is less than 1 (i.e. burner reactors). If instead the reactor in the recycle loop is
a breeder, the incoming feed does not have to be used fuel, it can be any type of uranium; we did not
consider breeder reactors in our quantitative analyses.

Said another way, for burner reactors, there is always excess uranium. Therefore, in general, either RU-1
or RU-2 (from separation-1 and separation-2, respectively) must be non-zero so that excess uranium can
be extracted from the system, i.c., either separation 1 or separation 2 must provide some degree of
separation of U from TRU. To use a separation technique that does not separate U from TRU (AIROX,
melt refining, etc), one of the following must be true.

1. The fuel is used in a reactor that requires less “octane” than | There are three ways to adjust
where the TRU-U came from, e.g., used LWR is taken to

. the “octane” of nuclear fuel to
the more neutron-efficient heavy water reactor (HWR).

make it strong enough (but not

2. A separate source of high “octane” U or TRU is added to
the TRU-U stream, requiring either high enriched uranium
or some new source of TRU. This would be physically
easy to do with melt refining; it is not so obvious how to do | TRU:U ratio, and adjusting the

too strong) for use in a given
reactor — uranium enrichment,

with AIROX. composition of minor actinides
3. It’s a breeder reactor, in which case the incoming mass can | (Np, Am, Cm-Bk-Cf) versus
be any uranium once in the “breeder” recycling loop. We plutonium. This study only

mention this option for completeness, neither FIT nor our used the TRU:U ratio as the
analyses to date have considered breeder reactors. : .

At the first iteration loop, there is no RU-2. Thus, AIROX and melt refining cannot be used on used
LWR UOX-51 fuel if the product is intended for any reactor in which the TRU content is higher than the
1.3% TRU in used UOX-51, which includes all MOX or inert fuel matrix options in an LWR or HTGR,
or any fast reactor previously studied. The only option would appear to be an HWR.
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AIROX and melt refining can be used in the recycle loop until impurities accumulate to a level such that
adding the incoming fuel (with relatively low impurities) will not keep the recycling mass critical. Our
rough estimate is that 3 recycles may be possible (the first recycle from used UOX-51 via UREX+1 plus
two more with either AIROX of melt refining) provide that impurity-tolerant fuels are used.

Uranium must also be considered as a potential source of impurities. The 2009 Fuel Campaign working
limits on TRU feedstock into fast reactor recycling was based on a particular fast reactor conversion ratio
(hence TRU:U ratio of fresh fuel) and on assuming pure uranium feedstock such as depleted uranium.
However, there are three good reasons why recovered uranium must be considered an option. First, if
recovered uranium is not used, it must be stored (for eventual use in breeder reactors) or disposed; both
have costs. Second, there are proliferation resistance motivations to keep as much uranium with TRU as
possible, per assessment in some methodologies. That effectively means that at least some of the uranium
in the fuel is RU, not DU. Third, in some technological options, separating U from TRU can imply
increased cost.

So, our analysis considered both “DU feed” and “RU feed” cases. In the current separation flowsheets for
UREX+1 and electrochemical separation, not only do the RU streams have impurities, but for some
elements, they are higher than the TRU-U product stream.
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Topic 3. The full recycle strategy requires ...

Losses of waste elements into fuel must be such that the impurity limits are met for whatever fuel
technology and performance levels are established. The new tool FIT allows estimation of the impurity
concentrations, constrained only by mass balance and the requirement that the reactor in the recycling
loop has fuel with estimated criticality (by 1-group cross section approximations) to match that of the
original pure fuel specification.

Figure S-3 shows an example - the estimated lanthanide impurity in oxide fuel with DU feed, with RU
feed, or AIROX treatment of used FR fuel. In all cases, UREX+1a is assumed for used UOX-51 fuel
separation. FIT cannot provide a direct estimate of individual lanthanide elements to compare with the
limits of 660 ppm for the lowest-atomic-number lanthanides, lanthanum, cerium, praseodymium,
neodymium, and samarium (the first lanthanides minus promethium, which does not occur in nature) and
132 ppm for the later lanthanides, samarium, europium, gadolinium, and dysprosium (some but not all of
the rest of the lanthanides). Instead, FIT estimates the total lanthanide impurity level, a reasonable
approximation given the relative abundances from fission. The figure indicates that the lanthanide
impurity limits are met for the working UREX+1a separation factors. The “AIROX” case uses UREX+1
separation for used UOX-51, thus, recycle-1 is the same as the “RU feed” case. Thereafter, the inability
of AIROX to separate lanthanides from TRU cases the lanthanide content to increase rapidly. The total
impurities reach ~13% of fuel after two AIROX recycles (hence recycle number 3). Thereafter, our
approximations indicate the fuel cannot be blended and remain adequately critical.

0.000200 . _ _
o ; Lanthanides in oxide fuel
E I DU feed
3z 0.000150 - ——RU feed -
2 s |0 of FR fuel
D I
& 0.000100
Y L
a -
= L
o I
E 0.000050 i
L= i
“ L
L]
o I
= 0000000 +——+ 40 p 00
0 5 10 15 20
Recycle number

Figure S-3. Estimated lanthanide impurity in oxide fuels for fast reactor TRU CR=0.5.

Figure S-4 shows the same type of graph for metal fuels. Used UOX-51 is assumed separated by
UREX+1a as in the previous example, but used fast reactor fuels are assumed separated by either
electrochemical (in the “DU feed” and “RU feed” cases defined as in the previous example) or melt
refining. The carryover of lanthanides into recovered uranium in electrochemical separation is at or
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below detection limits, therefore we have assumed in this calculation that only 0.1% of the lanthanides are
in the RU stream. The low lanthanide impurity in the RU stream results in the “RU feed” case being only
slightly higher than the “DU feed” case, unlike the previous example.

Because the electrochemical separation factors for the TRU-U product are still being determined, a
conservative 5% of the lanthanides are assumed to be going into that product. This conservatism leads to
exceeding the current 775-ppm working limit on lanthanides assumed for metal fuel. The little
information available on melt refining indicates ~99% removal of lanthanides. If true, the separation of
lanthanides from TRU would be better than that in electrochemical; this causes the low lanthanide
impurity for the melt refining case in the figure. The inability of melt refining to remove other impurities
leads to the total impurity level to reach ~8% after the third recycle (one from UREX+1 feed and two
with a mix of UREX+1 and melt refining feed). At this point, FIT model indicates that the reactor core
cannot be made critical again without abandoning the limited separation strategy. The available feed
streams cannot be blended to make a fuel with reactivity equal to that of the original fuel recipe.
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Figure S-4. Estimated lanthanides in metal fuels for fast reactor transuranic conversion ratio of 0.5.

For sustained recycle, the following conclusions and observations can be drawn for the cases we analyzed
— fast reactors at transuranic conversion ratio of 0.5 fed by separated used UOX-51 fuel. The results will
of course change for other sets of parameters. Nonetheless, they do suggest increased attention to
transition metals, in addition to the issue of lanthanides identified by the team in 2009.

e Lanthanides — these are a potential problem in metal fuel with the assumed conservative working
electrochemical separation values; the lanthanide impurity limit is met for oxide fuel with
UREX+1 separation.

e Alkali metals (Group 1), only limited for oxide fuels — apparently met with working UREX+1a
separation values.
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e Alkaline earth metals (Group 2), only limited for oxide fuels — met with working UREX+1a
separation values.

e Molybdenum (metal) / molybdenum plus silver (oxide) — In both metal and oxide fuels, these
elements are part of a group transition metal limit that contain potential impurities that are not
fission products and therefore not addressed in this report. Thus, it is particularly worrisome if
the fission product impurities alone exceed the working limits. This appears in the
oxide/UREX+1a system for the set of working separation factors. However, as explained in more
detail in Section 4, all calculations involving transition metals are particularly uncertain.’

e Ruthenium (only limited for oxide) — our first rough estimate for this transition metal shows its
working limit is exceeded. However, this limit is apparently based solely on displacement of
fissile content, so it may be too restrictive.

e Cadmium (metal) / cadmium plus tin (oxide) — In both metal and oxide fuels, these elements are
part of a group transition metal limit, with both fission product and non-fission product elements.
The estimated values for oxide exceed the working limit, but these estimates must be considered
very uncertain because of the current approximations in FIT involving transition metals.

e Halogens — impurity limits appear easily met for both oxide and metal fuels.

o There are many elements that we estimate to have impurity levels in the range of 1 to 2000 ppm,
see Tables 4-3 and 4-5. Are these acceptable?

In short, transition metal behavior in separations, tolerance in fuels requires, and analysis in FIT requires
substantially more work.

Topic 4. The modified open cycle strategy requires ...

Assuming the modified open cycle strategy includes “minimum fuel treatment” options such as AIROX
or melt refining, the fundamental need to make MOC options attractive are impurity-tolerant fuels and
either the use of reactors that require lower TRU enrichment than used UOX-51 (1.3% TRU) or a way to
increase the reactivity of fuels made with minimum fuel treatment via addition of enriched uranium.

Fundamentally, high-impurities are analogous to extra long-life (extreme burnup) in that more
unfissionable material accumulates in in-service fuel. Therefore, research and development (R&D) thrusts
like impurity-tolerant fuel matrices and clad coatings that protect against impurities may enable minimum
fuel treatment and/or extreme burnup. Note that the Fuels Campaign seeks to determine how impurities
generated during irradiation behave versus how impurities residual after separations behave.

The FY 2009 losses study report had an example. The underlying working explanation is that there may
be two sets of lanthanide impurities, one mobile and one less mobile. Impurities in fuel feedstock when it
is made into fuel are considered relatively mobile and concentrated and therefore likely to attack cladding.
Impurities generated during fuel irradiation are considered relatively immobile as their original matrix
was not disturbed. That is, the lanthanides limited to 4,000 ppm are implicitly assumed to have been
liberated from the microstructure in which they were created in a previous irradiation. This was the
explanation for the 4,000-ppm limit on lanthanides as a processing impurity versus 40,000-ppm
lanthanide generated during fuel irradiation.

The potential question for some types of “minimum fuel treatment” such as AIROX is whether residual
impurities would behave more like high-impurity processing impurities (analogous to the 4,000-ppm
limit) or more like in-situ generated impurities (analogous to the 40,000-ppm generated during

f.  The working metal fuel limits to include molybdenum; we are aware that there is interest in using molybdenum as a metal
fuel alloying agent, suggesting that the Mo limit may be incorrect.
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irradiation). This of course depends on how species and structure change during the candidate fuel
treatment method.
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Topic 5. More complete disassembly of used fuel would have
advantages, and costs.

The working fraction of input TRU thought to be in undissolved fuel solids in UREX+1 is considered to
be 1%. This is a factor of 10 higher than the 0.1% assumption in the 2008 DSARR report. And, the 0.1%
value was to represent all losses of TRU into waste, separation, undissolved solids, and fuel fabrication.

The working fraction of input TRU thought to be in cladding or disposed salt in electrochemical
separation is thought to be 0.7% to cladding and 0.1% to salt; again, an order of magnitude higher than
the 2008 assumption.

The 2008 assumption of 0.1% is, of course, not a requirement nor even a guideline. But, the generally
attractive waste management results of that study do depend on it. The working values of 1% and 0.8%
(0.7%+0.1%) could be lowered by new advances or changes in technology, such as a dissolution of
undissolved solids by hydrofluoric acid, with corresponding costs and complexity. The details of such
changes are beyond the scope of this report.

Other “solids” include cladding or fuel coatings. As discussed in Section 4, several of the working
impurity limits in oxide or metal fuel pertain to the impact on cladding, not the fuel matrix itself. This
must be remembered as alternative cladding/coatings are considered. For example, use of a more
resistant coating/cladding can loosen working impurity limits. Consideration of a new coating/cladding
should include its potential compatibility issues with fuel matrix plus fuel’s likely impurities. For
example, palladium is an issue in HTGR fuels due to attack on SiC. That would seem to be an issue if
SiC is considered as a cladding option on other fuels at similarly high operating temperatures. This
example is more relevant for TRU-based fuels than U-based fuels because the fission product yield for Pd
is higher with Pu239 fission than U235 fission.

Meanwhile, it has come into sharper focus that more analysis is required of mass discharged from the
reactor other than the fuel meat itself, such as cladding and fuel assembly structure. For example, in the
case of HTGRs, there is the TRISO coating, carbon binder, and graphite blocks. These must be managed
in some fashion: disposed directly with used fuel, separated from used fuel and disposed separately, or
recycled. Figure S-5 shows the composition of used fuel assembly mass for a range of concepts.
Although this report is limited to only the fuel meat, we call attention to the broader problem is managing
the non-fuel masses denoted in the figure.
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Figure S-5. Composition of used fuel assembly masses for a range of concepts.
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Topic 6. Broad R&D Questions

Finally, we can identify broad R&D needs, summarized in Table S-1. Detailed R&D questions are found
in Sections 4 and 5. As an example of broad R&D topics, consider the third R&D need in the table, to
obtain separation factor details for a wider range of elements. Compare which elements are limited as
impurities in the TRU feed stream for fuel fabrication (Section 2.3) versus which elements’ separation
factors are known for separation methods (Section 2.4). Even for conventional separation methods, there
are impurity-limited elements for which we lack separation factors; perhaps these elements are indeed
unimportant but it seems unusual that an element is limited in the separation product (fuel impurity)
without knowing how that element behaves in the separation process. In addition, if the program now
emphasizes minimum fuel treatment options, they would result in higher impurities of more elements in
fuels so that more separation factors will be need to be studied.

More fully quantifying the chemistry for different separation techniques has several potential benefits.
First, it may provide a basis for initial estimation of separation of elements for which there currently are
no data. Second, a better definition of the relative importance of different elements among the full range
of issues (fuel fabrication difficulties, cladding attack, etc.) provides a solid foundation for potentially
modifying and combining parts of separation approaches (e.g., voloxidation with melt-refining). Third,
proliferation risk assessments must not only consider a facility as designed, but also how a facility may be
modified. That is, from chemical principles, a given approach such as volatility can separate some
elements but not others. A facility designed to use a gas-phase process may not be particularly suited to
for liquid separations that may be required for certain elemental separations. However, a facility designed
to use volatility as one step in a series of separations may be changed to operate under conditions that
differ from those for which it was initially designed. These matters are likely to become more important
as the program considers minimum fuel treatment possibilities.
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Table S-1. High-leverage R&D needs motivated by analyses to date.

High-leverage common R&D need

Explanation

Recycle fuels and reactor designs
that tolerate high levels of fission
products and other impurities in the
recycled feedstock.

Either “minimum fuel treatment” approaches or ultra-high fuel
residence time (extreme burnup or battery reactors) increase
non-fuel material accumulation in in-service fuel. So, R&D
thrusts like impurity-tolerant fuel matrices and clad coatings
that protect against impurities may enable minimum fuel
treatment and/or extreme burnup.

Fuel fabrication R&D to better
define fuel impurity limits for
relevant fuel type options for a wider
range of chemical elements.®

The tolerable level of impurities are not always known for
elements reasonably expected to be present in recycle
materials, especially if minimum fuel treatment approaches are
used. This inhibits a comprehensive system analysis.

Separations R&D to better define
and improve separations factors for
relevant options for a wider range of
chemical elements."

The separation factors are not always known for elements that
are constrained in TRU product (impurity limits) or waste
forms (e.g., constraining the waste loading in glass). This
inhibits a comprehensive system analysis.

Waste management options designed
to lower waste disposal cost, reduce
waste radiotoxicity and dose,
increase waste form and disposal site
integrity (reduce heat), and better re-
use valuable fertile and fissile
materials.

Truly taking advantage of recycling to reduce waste
management burdens and costs requires moving from a
prescriptive source-based definition of HLW to one based on
waste characteristics. If so, in the bounding case of several
separation steps and intermediate waste classification, creation
of HLW could conceivably be eliminated.

Analysis tools and methods that
allow comprehensive and systematic
examination of the disposition
options of all radioactive materials
(recycle, waste, etc.).'

The central challenge of the discharge side of nuclear fuel
cycles: how can active radioactive materials “in service” be
dispositioned, what options exist for the system and the
individual technologies, how should those options integrate
with each other, when and for how long can materials be
recycled, what fraction of material should be disposed while
recycling occurs (i.e., what are the best disposition options)?

g.  Example questions for oxide fuels: Are the two different sets of separation transition metal limits (titanium, vanadium,
manganese, cobalt, copper, molybdenum, silver, tantalum, tungsten = 2000 ppm and chromium, iron, nickel = 1500 ppm)
required to be different? Are there limits for rubidium, cesium, and strontium as there are for other Group 1 and Group 2
clements? As the noble metals limited; minimum fuel treatment options tend not to remove them. Since zinc, cadmium, tin,
and lead are limited, what about indium, which lies in-between? It would be easier if there was a single limit covering all the
lanthanides, would this fit the data? Example questions for metal fuels: Some transition metals are limited, what about the
others? Are the noble and other metals limited? Metalloids?

h. It is important to have better aqueous and non-aqueous process separation factor data on the impurities that impact fuels
recycle and waste management. Other than uranium, plutonium, neptunium, from FP, lanthanides and actinides (together),
all well-known separation factors from actual PUREX production scale processing, and all our other data comes from
laboratory batch or very small scale process experiments. The FIT model will need to be validated with data from pilot
processing experiments before it is able to reliably discriminate between alternatives. Pilot scale experiments on each new

fuel cycle process are thus required.

i.  Higher-level questions include: minimizing the amount of separations that may be needed (e.g., fuel cycles that need little or
no separation [i.e. minimum fuel treatment]) and a simplified processing flow sheet is better than a very complex one that
may require multiple separations. Lower-level questions include: development of near real-time sampling and analytical
results to support process control and accountability; improvements in integrated process control systems relative to things
like security, automated corrective action responses, preventive maintenance alerts, etc.



Losses Study
September 15, 2010

19




20

Losses Study
September 15, 2010

This page intentionally left blank.



Losses Study

September 15, 2010 21
CONTENTS

ACKINOWLEDGEMENTS ...ttt e et e e e e e e e e e e e e e e e e e e et e eeeeeeseeeeaeeeeseeeeana 1
SUMMARYY e et e e et e e e e e e e et e e e e e e e e e e eeeeeeae e e reeeeeeeesen e rraaeeees 3
Topic 1. The R&D program must improve chemical completeness and consistency ........................ 5

Topic 2. Don’t forget the UraniUml..........cccviiiiiieiiie ettt e e sae e sbeeeeseeeesee e 8

Topic 3. The full recycle Strategy TEQUITES ... ..cceerieriiiriieiieetieiee e eee ettt ettt e sieesaee e eee e 11
Topic 4. The modified open cycle Strate@y TEQUITES .. ......cccverierierierieeieereeieeieesreesree e saeereennes 13

Topic 5. More complete disassembly of used fuel would have advantages, and costs. ................... 15

Topic 6. Broad R&D QUESLIONS ......ccccviiiiiiiiiiieeiieeiieeeieeeiteeeteeetteesiveesveeesebeessbaeesaeesssesesseessseaans 17
ACRON Y M S e e ettt e e e e e e e et e e e e e e e e et e eeeeseeeaeeeeeeeeseseaaaeeeeeeas 29
1. INTRODUGCTION ...t e e e et e e e e e e e e et ee e e e e e e e e e eeeeeaaeerereeeeeens 35
1.1 Purpose and SChedule ..........ccioiiiiieiieiecie ettt see 37

1.2  Reminder of FY 2009 ODSEIVATIONS ......uvvveveieeeeeeeeeeieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseesaeeeeeeeseeeas 38

1.3 DESITEA TUSE CASES ..t ssssssanssennnnns 39

2. TEAM ANALYSIS OF THE PROBLEM .....cooiiiiiiiiiee e 42
2.1 Isotope and Chemical GIOUPING........ccvervieriierierieiieeieerieesteesttesereesreeseeseesseessaesssesssessseessees 46

2.2 Source of Various EIEMENtS......ccoooiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee e 50

2.3 FADTICALION .o 51

23] OXIAE FUEL. .o e et e e e e e e e e e e e e eeeeaes 51

232 MELALFUEL..ooeeiiieeeee et e e e e e 52

2.4 SEPATALIONS ..evveevvieiieeiieeeieeeteeereesteettestaeetaeasbeasseesseesseesssasssessseassaessaessaesssessseasseesseesseessaessensss 53

241 Melt REfINING ...ccuiiiiiiiiiiiieit ettt ettt e st estae et eenbeeseeseeees 54

2.2 ATROX e e e e e e e e aa e 56

2.4.3  EleCtrOCREMICAL.......uueiiiiiieeeeeee e seeeeennnnn 57

244 AQUEOUS ...evieeiieeiiee ettt stte ettt e ettt e et e et e e bt e ettt e s ba e e ta e e et ae e taeeenbeeesaeenaeeennaeenees 59

2.5 Is EQUIlIbrium POSSIDIE? ......cccviiviiiiiiiiciiecie ettt sttt e sveesbaesba et nenas 62

2.6 How Much Chemistry is needed to FIT Together?...........ccovveviiiiiiiiiiiiiiiecieee e, 64

3. MODELING ...t e et e et e e e e e e e e et eeee e e e s e e teeeeesesssrareeeeeeas 66
31 ATCRITECTUTE ... sesesesemesessasnnnnn 67

3.2 THME LAZS oottt ettt ettt ettt e s ht e et e ettt e e bt e nteenaeenbeenteenbeenteens 71

TR TN 1< 0 1 - 12 (o) o FO PO PRUSPSR 72

3.3.1  Separation StrEAMS......cccuieiiieeiiieeeiieeiieeeteesteeeriteesreeestaeesebaeeaseessseeesseeesssesesseensnes 73

3.3.2  Separation Mass FIow SUbDMOdE]..........cceovviiiiiiiiiiiieiieiieeciesie e 73

3.4 FADIICATION ..ttt sesennnaaennnnn 74

3.4.1  Metallic FUEl FaDIICAtION ......vviiiiiieieeeeeee e e 74

3.4.2  Oxide FUel FaDIICAtION. ...ccuuveiiiiiiiiieeeeeeee et 74

3.4.3 Fabrication Mass Flow Submodel............oooooviiiiiiiiiiiiiiii 75

3.4.4 Future Additions to Fuel Fabrication MOdUles ...........coovvveoviiiiieiieeeeeeeeeeeeeenn, 77

RIS T N el (o) TP PPRT 78



Losses Study

22 September 15, 2010
3.5.1  THETAtiON LOOPS c.vieiieiiieiiieeiie ettt et et ettt e e v e et e esbeesbeestaestbesebeessessseesseesseessaesseens 79

3.5.2  Reactor Pick List SUDMOEL.........cccuiviiiiiiiieiieiecie e 82

3.5.3 Fuel Composition Adjustment and Blending (Winery) Submodel..............ccccc...... 82

3.5.4  Output Composition SUbmMOdel...........cceoviiiiiiiiiiiiiiecc e 86

3.5.5 Isotope Decay SUDMOME] .........ccvveviiiiiiiiiiiieieeie ettt 86

3.5.6  Parameter SUbmMOME] .........coouiiiiiiiiiiiiii e 86

3.6  Waste Treatment and DiSPOSIION .....c.ueevieriieriieriieriieriiesteete et et esieesiaesaesaeseneenseesseenseenseens 87

4. RESULTS ettt ettt sttt et e e bt e st e s e e st esseese e st esseeseensesseeneenseeseeneansenseensensenns 88
A1 UTAINTUITE .ttt h ettt h et b e e et et e h e et e st e e bt et e sbeeme e beebeentenbeeneenee e 89

4.2 Additional Explanations That Help Clarify Results.........cccccceevvieviiirienieriesieeiecieeee e 90

4.3 Working Impurity LIMIES .......cccviiiiiiiiiiiiciie ettt e et eesveeetaeessveeennaeesasae e 91

4.4 OXIAE FUECL CASES ...vviiiieiiiiieeiiie ettt et e e e et e e e e et e e e e eta e e e eetaeeeeeareeeenns 94

441 ACHNIACS ..vveeevieiiesieeeiie ettt ettt et et e b e e bt e b e e bt e tbestbeesbeesbeebeesssessaessseenseenseesseenses 94

442 Lanthanides ........ccoueriiiiiiiiieieee et 96

4.43 Alkali (Group 1) and Alkaline Earth (Group 2) Metals.........cccoeveerienienienieeee. 97

4.44 Molybdenum and SilVET.......c..ccciiiiiiiiiiiieiii ettt s e e e e e e 99

445 RULNEIIUIN . ..couiiiiiiieie ettt ettt ea e enne e e 99

4.4.6  Cadmium and TiN......ccooiiiiiiiiiiiiieciee ettt e e e e e eareeeaeaeas 100

4477 HALOZENS ...oeieeiiiieiie ettt et e et e et e et e e e be e e tbeeerbeeetteennbaeenraeanes 101

4.4.8 Elements Not Currently LImMited.........ccceeviiviiiriierierieniiiieciiereeieesiee e sve e 101

4.5 Metal FUCL CaSES ....ueiiiiiiiiiiiiett ettt ettt et ettt ettt 102

451 ACHIIACS ..ottt ettt ettt et a et b e n e neeneas 102

4.52  Lanthanides .........ccccooiiiiiiieiiieciie ettt e e et aeesibeseaae e 103

4.53  MOIYDAENUM ....ooouiiiiiiiiiiieciee e ettt e et eteeestbeessbeeetbeesnneeenes 104

TR G 14 23V 131 4 SRR 105

4.5.5  HALOGENS ...evieeiieiiieiieeie ettt ettt ettt ettt enb e e be et e e nteesraesnaeenreans 106

4.5.6  Elements Not Currently Limited.........ccceoieiiieriienieiieniiiie et 106

4.6 WaASEE ANALYSES ..eeeviiiiiiiiiieieeit ettt ettt et e e e steestaesstessbeesbeenseesaenseessaeenbeenseenseeseenns 106

4.6.1 Handling Waste Streams in FIT ......c.ccccoiiiiiiiiiiiiiiceeeecee e 107

4.6.2 Waste Treatment and Waste FOIMS ........coccoeviiiiiiiiiniiiee e 107

5. CONCLUSIONS ..ttt sttt b e et et a et e st e est et e sb e et e ebe e st eteebeennenees 109
6. REFERENCES ... .ottt ettt ettt et b e sttt esae st enseebeesaenseeneenseeseeneensenns 120
Appendix A FIT Modeling Details .........cocuiiiuiiiiiiiiiiie ettt et et svee et eesebeeseaeeeneis 123
Appendix B Software Requirements Document for FIT ..........cccccoviiiiiiiiieiieiceeee e 131
Appendix C Equations for Time-Dependent Parameters.............cocvereerienienieiieeie e 151
Appendix D Approach to Calculate Cross SECHIONS .......c.eeevuiieriieiiieeiiieiieeeiee e et e e eseveeesreeeeeee e 157

Appendix E Justification for Time-Independent Cross SECtIONS ..........ccceeeeeeriiiierieiieiee e 161



Losses Study

September 15, 2010 23
FIGURES

Figure S-1. Central challenge of the downstream side of nuclear fuel cycles ........cccoveieeieeeciee e, 4

Figure S-2. Basic mass flows; our quantitative tool does not yet address EU feed as an option. ................ 9

Figure S-3. Estimated lanthanide impurity in oxide fuels for fast reactor TRU CR=0.5. ........cccccvvvrercunnennn. 11

Figure S-4. Estimated lanthanides in metal fuels for fast reactor transuranic conversion ratio of

0.5 ettt bbbt bt eh e e eh e e ea et e a et ea et e b e e bt e bt e eheeeheeeheeeheeeheeeateeate et sabeenteentean 12
Figure S-5. Composition of used fuel assembly masses for a range of concepts. .....cccccvveeeeeveiiciiieeeeeeenn, 16
Figure 2-1. Current chemical grouping of the Periodic Table for FIT purposes. ........cccoveeeeeeevicciieeeeeeeeens 49
Figure 2-2. Preliminary chemical grouping of the Periodic Table, showing individual elements............... 50
Figure 2-3. Potential sources of elements; solvents and working fluids are not shown. .............cccceeec... 51
Figure 2-4. Working Fuel Campaign limit on TRU feedstock for oxide fuel (ppm). ...cccceveecrveeeeiiiieeeciinenn. 52
Figure 2-5. Working Fuel Campaign limit on TRU feedstock for metal fuel (ppm)....ccccceeeivieeiiiiieceniinnnn. 53

Figure 2-6. Separation figure illustrating melt refining—raw data only; values for actinides are
percent recovered as product; values for everything else are percent removed from
LS =L I o1 ¢e Yo [V ot FRu PRSP 55

Figure 2-7. Separation figure illustrating melt refining; values for actinides are percent recovered
as product; values for everything else are percent removed from fuel product....................... 56

Figure 2-8. Separation figure illustrating AIROX. Values for actinides are percent recovered as
product, values for everything else are percent removed from fuel product. ..........ccueeeeneee. 57

Figure 2-9. Used fuel components separated via free energy of formation at 500°C..........ccccccvveeernnnennn. 58

Figure 2-10. Separation figure illustrating electrochemical separation. Values for actinides are
percent recovered as product, values for everything else are percent removed from
LS =] o1 e Yo ¥ or FR SRS 59

Figure 2-11. Separation figure illustrating aqueous separation. Values for actinides are percent
recovered as product, values for everything else are percent removed from fuel

Yo T 1¥ o1 TSR 60
Figure 2-12. Number of recycles required to reach 90% of equilibrium. .......cccceeiviiiiiiiiiieiiiiee e 63
Figure 2-13. Fraction of fuel that is impurity for a range of separation efficiencies. .......ccccccceeecviiennnnnnnn. 64

Figure 2-14. Chemical COMPIEXITY. ...uuiiiii i e e e e e sttt e e e e e e s e e aabeaeeeaeeeennsraaneas 65



Losses Study

24 September 15, 2010
Figure 3-1. Role of FIT into the evolving system analysis t00IbOX. .........ccccviieiiiiiiiiiiiiee e 66
TN ol A o T ol o =Y ox o U T USRS 68
Figure 3-3. FIT mass flow calculation @NGINe. ........coociiiiiiiiie et 69
T U o T B o o VoY L1 = SRR 70

Figure 3-5. Technological choices (green) and information flows (red) overlaying mass flows

(BIAECK). ettt ettt e et e e e et e e e e ar e e e e e —a e e e e aateeeeaataeeeeabaeaeeaabeeeeaaareaeeanaeeanres 71
Figure 3-6. Screen capture of fabrication mass flow submodel summary sheet. .......cccccceeeeieiiiiieeneeennn, 76
Figure 3-7. Functions of the reactor MOAUIE. ........c..ueiiiiiii i 78
Figure 3-8. Mass flows showing possible feeds into fuel fabrication. ..........cccccee i, 79
o TqU e R I L =T = 4 FoT T T o] o 1SR 81
Figure 4-1. FIT infrastructure showing the types of data and calculations involved............ccccovvvieenennnn. 88

Figure 4-2. Fraction of recovered and depleted uranium used at equilibrium in a system of used
UOX-51 feeding recycling fast raCTOrS. ....cc.uiii ittt e are e 90

Figure 4-3. Estimated actinide composition in oxide fuels for fast reactor with TRU CR=0.5.................... 95

Figure 4-4. Estimated composition of oxide fuels for fast reactor TRU CR=0.5 with AIROX

treatment of used FR fuel and UREX+1 treatment of used UOX-51 fuel. .....cccccvvevvvevcierennneennne. 96
Figure 4-5. Estimated lanthanide impurity in oxide fuels for fast reactor TRU CR=0.5...........ccccvvvrerurnennn. 97
Figure 4-6. Estimated Group 1 and Group 2 impurities in oxide fuels for fast reactor TRU CR=0.5. ......... 98

Figure 4-7. Estimated molybdenum and silver in oxide fuels for fast reactor TRU CR=0.5;
UNCErtaINtIES are NN ..o it e e e e e e st e e e e e e e e abraaeeeeeeennnnes 99

Figure 4-8. Estimated ruthenium in oxide fuels for fast reactor TRU CR=0.5; uncertainties are
017> o TR PSP PPPTPPP 100

Figure 4-9. Estimated cadmium and tin in oxide fuels for fast reactor TRU CR=0.5; uncertainties
T <N 1= o 1S UUU 101

Figure 4-10. Estimated actinides in metal fuels for fast reactor transuranic conversion ratio of
00 T PP PPPPTRPPTPPPP 103

Figure 4-11. Estimated composition of oxide fuels for fast reactor TRU CR=0.5 with AIROX
treatment of used FR fuel and UREX+1 treatment of used UOX-51 fuel. .......cccccvveeeenreeeennnen. 103



Losses Study
September 15, 2010 25

Figure 4-12. Estimated lanthanides in metal fuels for fast reactor transuranic conversion ratio of
08 TSRS 104

Figure 4-13. Estimated molybdenum in metal fuels for fast reactor transuranic conversion ratio
of 0.5; uncertainties are NigN. ... e 105

Figure 4-14. Estimated cadmium in metal fuels for fast reactor transuranic conversion ratio of

0.5; uncertainties are Nigh. ... e 106
Figure 5-1. Central challenge of the downstream side of nuclear fuel cycles........cccccovieiiiieieeciieeeennen. 110
Figure A-1. FIOW Of FIT MOEL. ....ooiiiieiiicee ettt e e e ta e e e e ata e e e enteeeesnneeeeeaes 125
Figure A-2. Fuel fabrication module summary ShEet.........ccueiiiiiiii i 128
Figure B-1. Modeling pyramid diagram showing relative hierarchy of models..........ccccccoeeiviiiiiierennnnen. 134
Figure B-2. The FIT Mmodeling dOmMain. ....cooceiiiieeie ettt e e e stare e e e e e e e atte e e e e e e e neanneeeeeesnnnns 135
Figure B-3. Proposed FIT variables and products/OUtPuULS. .....cccococueieeiieiieeciee et 138
Figure B-4. FIT model mass and information floW. ...........cccueiiiiiiiiciiee e 144
Figure B-5. Cost based on interim storage time of spent fuel before recycle. ........ccccovveeiiieeeciieeeeenen. 148
Figure B-6. Waste inventory based on 10SSeS 10 HLW. ......coiiiiiiiiiiiiiecc e e e 148
Figure E-1. Cross sections (in barns) of Group 1 as calculated by the isotope tool.........cccccveeeecireeeennen. 164
Figure E-2. Cross sections (in barns) of Group 2 as calculated by the isotope tool.........ccccceeeeerereennen. 165
Figure E-3. Cross sections (in barns) of the lanthanides as calculated by the isotope tool...................... 165
Figure E-4. Cross sections (in barns) of selected lanthanides as calculated by the isotope tool.............. 166

Figure E-5. Cross sections (in barns) of selected transition metals as calculated by the isotope

TABLES

Table S-1. High-leverage R&D needs motivated by analyses to date. .......ccccceecvviiiiciiiiicciie e 18

Table 1-1. Task complexity change from FY 2009 t0 FY 2010.......ccccouiiiiiiiieieeiiieeecireeeeeivee e eeveeeesereee e 37



Losses Study

26 September 15, 2010
Table 1-2. FY 2010 MIlESTONES. c.ooviieeiiiieeeeeeeeeeeeeeeeeeeeeee e 38
R ] o] (i R TR B T [ =Ye MU T <R o= 1Y =L TN 40

Table 2-1. Qualitative potential implications of “minimum fuel treatment” on fuel cycle
(ol 0] oToT aT=] o) KT TP PPUPPRRRPPPPNE 45

Table 2-2. Qualitative potential implications of “minimum fuel treatment” on fuel cycle

fo] o =T 6 V7= PRSPPI 46
Table 2-3. Current Chemical GrOUPINGS. . ..cuuiii ittt et et e e et e e s e rbe e e e s baee s esabeeeeesbeeeessreeeesnsees 48
Table 2-4. Basis for separation using different teChNiQUES. ......c..eeiiiiiiiiiiiiie e 54
Table 2-5. Summary of aqueous SePaAration OPLIONS. .....ccciiieiiiiee et e e e ebre e e sereeeeeanes 61
Table 3-1. How different tools approximate different time lags. .......coooeeiiiiieiiieiiiiiee e 72
Table 3-2. SEPAratioN STrEAMS ... iiiiiieee ettt e ettt e e e ee et ar e e e e e e esertbbaeeeeeeeesabssaeeeeeesestssssaeeaesesansnes 73
Table 3-3. 1-group blending and adjustment Methods. ..........cccviiiiiiiii e 83
Table 4-1. Working limits for metal and oxide fuel impurities relevant to fission products...................... 93
Table 4-2. OXIide fUEI CASES. ..eiiiiiieeeeee ettt sttt ettt et e s b e sbe e 94

Table 4-3. Estimates of Fuel Impurities for which no oxide fuel limit exists (UREX+1 separation of
both UOX and FR @t CR=0.50). .....ceoouieiiiie ittt e e et e e e e e e e esasreneeeeee s 101

BIE] o (S0 O Y =] = I <] I ot FY =L 102

Table 4-5. Estimates of fuel impurities for which no metal fuel limit exists (UREX+1 separation of

UOX and electrochemical separation of FR at CR=0.50). .........cccoiuiiiiiiiiieeciee e, 106
Table 4-6. Waste streams and waste forms in the FIT model. .........ccoceiiiiiiiiiiiiiiiee e 108
Table 5-1. Task complexity change from FY 2009 t0 FY 2010.......cccvveiieeiiiiiiiiieeee e ecirrree e e e e eeeivnneeee e e 109
Table 5-2. Use cases identified DY FIT @AM ...ttt e e e e e e trrr e e e e e e e 112

Table 5-3. Qualitative potential implications of “minimum fuel treatment” on fuel cycle
[ofo] 191 oo 1= o} &30P PP PP PPPPPPPPPPPPPPPPRE 115

Table 5-4. Qualitative potential implications of “minimum fuel treatment” on fuel cycle
Fo] o J[=Tot 417U EER 115

Table 5-5. High-leverage R&D needs motivated by analyses to date.........cccvvvvieeeiiiiiiiiieeec e, 116



Losses Study

September 15, 2010 27
Table A-1. Uranium-oxide spent fuel inventory used in FIT model. ........cccouveeiiiiiiiiiiiiecceecee e, 126
Table A-2. Separations factors for UREX+1a. ....cuuiiiiciiiie e ettt e e et e e etee e e e earae e e esatee e e snaeeeeans 127

1] o] (N 2 B R D TSI T =To IV i or= LY=L N 146



28

Losses Study
September 15, 2010

This page intentionally left blank



Losses Study

September 15, 2010

AFCF
AFCI
Ag
AIROX
Al

Am
ANL
at%

Bk
BSG

C
CCD-PEG
Cd

Cf
CFR
Ci

Cl

Cm

Co
COEX
Cr

CR

Cs
DOE
DOT
DP
DPL
DSARR
DSEF
DU
EBR-II
Echem

ACRONYMS

Advanced Fuel Cycle Facility

Advanced Fuel Cycle Initiative

silver

Atomics International reduction oxidation separation process
aluminum

americium

Argonne National Laboratory

atomic percent

Berkelium

Borosilicate glass

carbon

cobalt dicarbollide-polyethylene glycol
cadmium

californium

Code of Federal Regulations

curie

chlorine

curium

cobalt

Co-extraction (of uranium and plutonium)
chromium

transuranic conversion ratio

cesium

Department of Energy

Department of Transportation

decay product (of thorium, uranium, or TRU elements)
Decision Programming Language
Dynamic Systems Analysis Report for Nuclear Fuel Recycle
Disposal Systems Evaluation Framework
depleted uranium

Experimental Breeder Reactor-I1

electro-chemical
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ER electro-refiner

Eu europium

EU enriched uranium

FCF Fuel Conditioning Facility

FCR&D Fuel Cycle R&D, component of FCT program

FCT Fuel Cycle Technology program

Fe iron

FFP fraction of fission product

FFTF Fast Flux Test Facility

FIT Fuel-cycle Integration and Tradeoffs

FP fission product

FPEX Fission Product Extraction

FR fast reactor

FY Fiscal Year

GDSE Generic Disposal System Environment

GNEP Global Nuclear Energy Partnership

Gr group — one of 18 columns in the Periodic Table

GTCC Greater-Than-Class C

HEU highly enriched uranium

HEPA high efficiency particular air, a time of high-efficiency air filter
HLW high-level waste

HM heavy metal (thorium, protactinium, uranium, or transuranics)
HTGR High Temperature Gas Reactor

HWR Heavy Water Reactor

I lodine

iHM initial heavy metal, the heavy metal content prior to irradiation of fresh fuel
INL Idaho National Laboratory

INEL Idaho National Engineering Laboratory

INEEL Idaho National Engineering and Environmental Laboratory
IWMS Integrated Waste Management Strategy

LEU lowly enriched uranium

LLW low-level waste

Ln Lanthanide

LWR light-water reactor
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MB mega bytes

MFT Minimum Fuel Treatment

MIMAS Micronization Master Blend

MLLW mixed low-level waste

Mn manganese

Mo molybdenum

MOX mixed oxide fuel

MW megawatt

MWth megawatt thermal

MWe megawatt electric

NA Not applicable

Nd Neodymium

NE nuclear energy

Ni nickel

Np neptunium

NUEX Neptunium (and Plutonium) extraction
NU natural uranium

ORNL Oak Ridge National Laboratory

Pa protactinium

Pd palladium

ppm parts per million

Pu plutonium

PUREX Plutonium Uranium Reduction Extraction
QRL Quality Review Level

R&D research and development

Rh rhodium

Ru ruthenium

RU recovered uranium

SC South Carolina, host of a low-level waste near-surface burial waste disposal site
SFR Sweden Final Repository for radioactive operational waste, began operation in 1988
SNF Spent Nuclear Fuel

SNM special nuclear material

Si silicon

SiC silicon carbide
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Sr strontium

TALSPEAK  Trivalent Actinide Lanthanide Separation by Phosphoric Extractants and Aqueous
Komplexes

SRS Savannah River Site

ts time from reactor discharge to separations

tsf time from separations to fuel fabrication

tow time from separations to waste form fabrication

tbd, TBD to be determined

Ty halflife

Tc technetium

Th thorium

™ transition metal

TMFP transition metal fission products

Tonne metric ton, 1000 kg

TRISO Tristructural-isotropic, a type of micro fuel particle containing an oxide or oxycarbide
kernel or fuel meat, surrounded by four layers of three isotropic materials - porous buffer
layer of carbon, inner layer of dense pyrolytic carbon, ceramic layer of silicon carbide,
and outer layer of dense pyrolytic carbon

TRU transuranic element (neptunium, plutonium, americium, curium, berkelium, californium)

TRUEX TransUranic Extraction

TRUMOX transuranic-bearing MOX

U uranium

UCB University of California-Berkeley

UDS undissolved solids

UoXx uranium oxide fuel

UOX-51 uranium oxide fuel taken to a burnup of 51 MWth-day/kg-iHM

UREX Uranium Extraction

UREX+ Uranium Extraction-plus

U.S. United States

U-TRU uranium-transuranic

uT Utah, site of a low-level waste near-surface burial waste disposal site

VB Visual Basic

VISION Verifiable Fuel Cycle Simulation mode

WA Washington, site of a low-level waste near-surface burial waste disposal site

WAC waste acceptance criteria
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W.D. waste disposal

W.F. waste form

WIPP Waste Isolation Pilot Project, a transuranic waste disposal site in New Mexico
wt% weight percent

Zr zirconium

AG change in free energy
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SYSTEMS CAMPAIGN
SEPARATION CAMPAIGN
FUELS CAMPAIGN

SYSTEM LOSSES STUDY - FIT
(FUEL-CYCLE INTEGRATION & TRADEOFFS)

1. INTRODUCTION

When this effort started in spring 2009, the broad context guiding the team included the following:

The major 2008 system analysis report was the Dynamic Systems Analysis Report for Nuclear Fuel
Recycle (DSARR), see (Dixon2008). In it, a key assumption that drove many of the waste management
results was that 0.1% of TRU in recycle streams would appear in waste; the other 99.9% retained in fuel
products. The corresponding losses of waste into fuel streams were not addressed.

The program was focused on used UOX-51 fuel feeding into recycle by fast reactors with transuranic
conversion ratio less than 1.0, i.e., burner reactors rather than breeder reactors.

There was strong focus on two waste management observations. For a waste to quality for near-surface
burial per 10CFR61, the alpha-emitting TRU content must be below 100 nCi/g-waste. And, numerous
analyses indicated that the TRU loss to waste must be kept quite low to meet the decades-old idea of
keeping residual waste radiotoxicity below that of natural uranium ore within 1000 years after reactor
discharge.

These observations led to the basic and deceptively simple question: how does the cost of separation, cost
of fuel fabrication, and cost of waste disposal vary with level of “losses”, at this time primarily the losses
of TRU into waste.

e Shortly after the team started in 2009, five key observations arose that fundamentally changed the
nature of the effort.

e There was a high premium for keeping waste impurities out of fuel because the Fuels Campaign
was establishing working limits for oxide and metal fuel that did not look easy to meet.

e Both fuel streams and waste streams must be considered products. Both must meet one or more
acceptance criteria. In the case of fuel, they are expressed as fuel impurity limits. In the case of
waste, the criteria manifest as both classification rules that determine whether a given waste
stream qualifies for near-surface burial or must be disposed by some other (presumably more
expensive) method and “waste acceptance criteria” for different types of disposal sites.

e The values of loss of TRU into waste and the loss of waste into fuel are linked. Often, the lower
one wants the loss of TRU into waste, the higher the loss of waste into fuel, and vice versa. Thus,
even the original number-of-nines question could not be addressed without considering the
impact of higher impurities as the amount of TRU in waste was decreased.

e The program was shifting from emphasis on fast reactor recycling fed by used UOX-51 fuel to a
science-based program considering a wider and wider range of options.

In short, the team came to define “losses” as any material that ends up somewhere it is undesired.
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The FY 2009 exploratory analysis was limited to equilibrium analysis of the fast reactor recycling loop at
transuranic conversion ratio of 0.5, assuming incoming uranium and used UOX-51 TRU streams were
pure. In essence, the only specific impurity in fuel that received much attention was lanthanides.

In FY 2010, it became clear that an analytical tool was required to consider a wider range of types of
impurities and a wider range of technology options because the program was no longer focused on fast
reactors by used UOX-51. That model is now called FIT, Fuel-cycle Integration and Tradeoffs.

The team nonetheless began FY 2010 by continuing to focus on the same basic case, burner fast reactors
fed by used UOX-51, with two separation options, UREX+1 for used-oxide based fuels and
electrochemical for used metal-based fuels. There was insufficient data to analyze other options. Even
with those best-understood options, the team realized that a meaningful quantitative analysis of cost of
separations, fuel fabrication, waste management, etc. as a function of the number of 9s of separation
efficiency was impossible. But, it was also no longer as important as the program has shifted from that
single option with relatively early deployment to consideration of a wider range of options.

So, FY 2010 analysis concentrated on three thrusts.
e (Go to a deeper level of chemical specificity, not just the lanthanides.

e Assemble a quantitative analysis model, FIT, based as much as possible on existing bits and
pieces from the three campaigns involved.

e Begin consideration of other separation options, specifically “minimum fuel treatment”
possibilities. We choose melt refining and AIROX as potential examples of minimum fuel
treatment.

The result, this report, has two types of value. The first are observations and findings regarding the nature
of the problem of fitting the fuel cycle together in multi-recycle scenarios, which is described in Section
2. They both guided and resulted from the attempt to create the FIT model (see Section 3). The FIT model
is an unparalleled attempt at integrating the fuel cycle at the level of chemical groups. By integration, we
mean the blending of feed streams, fuel fabrication, reactor, used fuel separation, and waste management.
The second are quantitative analyses with the beta version of the FIT model, see Section 4. Table 1-1
summarizes the changes in fiscal year (FY) 2010 versus FY 2009. The increased complexity from FY
2009 required the creation of the FIT model. The model was not the task objective, its creation and use
has been a tool toward the task’s objectives.
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Table 1-1. Task complexity change from FY 2009 to FY 2010.

Tssue FY 2009 | FY 2010 Comment

Basic model An incoming feed stream (e.g., separation product from Simplest possible substructure

structure used UOX) and a recycling loop (e.g., fast reactor); the of potentially complex

only mass leaving the loop is waste generated by scenarios.
separation and fabrication.

Reactor and fuel Fast reactor with transuranic conversion ratio of 0.50 This is the case we know most

types (metal or oxide fuel) about and therefore have the

best chance to model with any
confidence.

Separation types Aqueous, electrochemical Aqueous, AIROX and melt refining
electrochemical, air added as candidate “minimum
oxidation (AIROX)), fuel treatment” options.
melt-refining

Impurities in No Yes This completes the scenarios

incoming feed we started in FY 2009.

stream

Impurities in Yes

recycling stream

Chemical groups | 2 (actinides, lanthanides) 15 Required to do meaningful
assessments of waste streams
(e.g., gases, metals, ceramics)

Blending Fixed ratio Blend among:
TRU-U-1 incoming
TRU-U-2 recycling
RU-1 incoming
RU-2 recycling
DU

State of system Equilibrium Recycle by recycle We realized three-quarters
through the year that the
equilibrium would not be
feasible for some minimum fuel
treatment cases.

As mentioned in Table 1-1, we used 15 chemical groups in our analysis; even that was not a fine enough
“mesh” to fully link the two types of fuels (oxide and metal) and the four types of separations ( aqueous,
electrochemical, AIROX, melt refining). To fully align and link the chemical behavior of the 2 x 4
combinations of fuel fabrication and separation technologies, analysis would probably have to be done at
the level of 98 chemical elements (hydrogen to californium). We have resisted that level of complexity.

1.1  Purpose and Schedule

The work package for this study for FY 2010 states, “Expanded recycle losses study: Continue study
started in FY 2009, expanding to fuel cycle systems beyond the concepts studied in FY 2009. Scope of
work will be informed by final report on Losses Study in FY 2009, and will include application of the
losses model to selected fuel cycles.” There are three milestones for this work package, as listed in Table
1-2. This report meets the third milestone.
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Table 1-2. FY 2010 milestones.

Date Name Number Lab | Quality Review Level

May 14, 2010 Status report on recycle | M3 506 03 02 10 INL | NA

losses study

August 25,2010 Draft report on recycle | M3 506 03 02 09 INL | NA

losses study

September 15, 2010 | Recycle losses study M2 506030201 INL | QRL3

The purpose of this study is to “Understand the broad implications of changes of operating performance
and parameters of a fuel cycle component on the entire system.” In particular, analyze the impact of
changing the loss percent of wastes (fission products, impurities) into recycled fuel and the loss percent of
fuel (uranium, transuranic [TRU]) into waste.

As part of FITing our efforts to the Department of Energy (DOE’s) charged priorities, we have added
exploratory analysis of candidates in the modified open fuel cycle category, a few with “minimum fuel
treatment” as opposed to full aqueous or electrochemical separation treatment.

1.2

Reminder of FY 2009 Observations

Some of the key observations in FY 2009 were as follows:

Losses count both ways (waste into recycled fuel, would-be fuel material into waste), both waste
and recycled fuels are “products” that must meet criteria (impurity limits, waste acceptance
criteria).

Many issues identify the lanthanides as a key part of the puzzle. They are the toughest to separate
from the actinides (TRU and uranium), represent the majority of neutron-absorption potential
among fission products, have tight impurity limits in both oxide and metal fuel, and represent a
significant waste mass that has the potential to be classified for near-surface burial or non-nuclear
service.

There are significant potential savings to be realized if future reactor programs are selected based
on an integrated understanding of the fuel cycle costs and risks rather than just reactor
performance.

The holding pattern for U.S. commercial used fuel has created a data vacuum with regard to cost
and risk issues related to the modified open and closed used fuel management approaches.
Current modeling programs are hindered by a lack of historical U.S. data and demonstration data
for the proposed new processing concepts. Thus, it follows that the initial benefit of modeling
fuel cycles will be in the area of sensitivity testing to identify what variables have the greatest
impact and highest potential for “value-added” results.

Reducing the percent loss (waste into fuel, fuel into waste) has both costs and benefits.

There are numerous higher level material management choices/issues that have much greater
impact on cost than losses per se (e.g., the selection of a fuel that minimizes the generation of
TRU and fission products, the decision to recycle or not and the number of separation steps and
complexity of the processing flow sheet [number of output streams directly impacts the facility
size]). The issues related to losses apply to all possible fuel cycle management scenarios.
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1.3 Desired Use Cases

Table 1-3 lists desired “use cases” for analysis. The “p” cases were done in FY 2009. To meet the FY
2010 milestone requirement, we must analyze at least one additional case. We focused and succeeded in
analyzing four new cases, Cases 1/2 and Cases 1m/2m. Cases 1 and 2 are the complete form of the “p”
cases we analyzed in FY 2009, including both the fast reactor equilibrium portion of the Dynamic
Systems Analysis Report for Nuclear Fuel Recycle (DSARR) 1-tier (uranium oxide fuel [UOX] to fast

reactor) scenarios plus the step of separating UOX to feed into the fast reactor. The “m” cases led us into
examination of minimum fuel treatment options.
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Table 1-3. Desired use cases.

Feed | First Recycle Fuel Recycle Comment
Fuel | Separation Separation
Ip FR-oxide at CR=0.50 | UREX+1 FY 2009 cases
2p FR-metal at CR=0.50 | Echem
1 UOX | UREX+la FR-oxide at CR=0.50 | UREX+1 Completes DSARR 1-tier
2 UOX | UREX+1la FR-metal at CR=0.50 | Echem scenarios, forces allocation of
tolerable impurities between two
streams
Done, see Section 4
Ic UOX | UREX+1a FR-oxide at CR=0.50 | Echem Cross compare fuel-separation,
2¢ UOX | UREX+l1a FR-metal at CR=0.50 | UREX+1 putting echem with oxide fuel or
UREX with metal fuel adds
oxidation and reduction steps
Im UOX | AIROX FR-oxide at CR=0.50 | AIROX “Minimal fuel treatment” variants
2m | UOX | AIROX FR-metal at CR=0.50 | Melt refine | Done, see Section 4
It MOX | UREX+1a FR-oxide at CR=0.50 | UREX+1 DSARR 2-tier scenarios
2t MOX | UREX+1a FR-metal at CR=0.50 | Echem
1h UOX | UREX+1a FR-oxide at CR=0.50 | UREX+1 Same as 1/2 except no CsSr
without CsSr without CsSr | removal
removal removal
2h UOX | UREX+la FR-metal at CR=0.50 | Echem
without CsSr without CsSr
removal removal
Is UOX | UREX+1a FR-oxide at CR=0.50 | UREX+1 Same as above, but with longer
2s UOX | UREX+la FR-metal at CR=0.50 | Echem interim storage times
la UOX | COEX FR-oxide at CR=0.50 | UREX+1 Enables evaluation of a first
2a UOX | COEX FR-metal at CR=0.50 | Echem separation case where other TRU
elements besides Pu are not
recovered for recycle, but sent to a
single borosilicate glass (BSG)
waste form along with Tc,
lanthanides, undissolved solids
(UDS), other fission products.
In UOX | NUEX FR-oxide at CR=0.50 | UREX+1 Enables evaluation of a first
2n UOX | NUEX FR-metal at CR=0.50 | Echem separation case where all TRU

elements are recovered for recycle,
and a single BSG waste form
contains Tc, Ln, UDS, other fission
products (FP).

Use cases that include other advanced waste forms besides BSG (that can tolerate higher waste loadings,
high heat generation, etc.) are also interesting, but should probably not be included in this year’s analyses,
until after the waste form experts makes more progress in this area.

(no identifier) = the full 1-tier DSARR scenarios

a = COEX (did not come up with a descriptive letter)
¢ = cross compare (use echem on oxide fuel, use UREX on metal fuel)
h = hot (no CsSr removal)

m = minimum fuel treatment
n=NUEX
p = partial in the sense that in FY 2009 we didn't do a complete fuel cycle, only the fast reactor portion of 1-tier DSARR scenario
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s = storage (more storage time than the 1-tier DSARR scenario)
t = two-tier DSARR scenario (LWR-UOX to LWR-MOX to fast reactor)
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2. TEAM ANALYSIS OF THE PROBLEM

The systems-fuels-separation team spent considerable time in FY 2010 analyzing the problem and there
are many insights that do not require quantitative analysis using the FIT model, which is described later in
this report. We first give the broad insights.

Section 2.1 explains how we analyzed and resolved the issue of which isotopes and chemical elements to
analyze and how to group them. This pertains directly to which elements are most likely to have
relatively low versus high uncertainties in FIT analyses.

Section 2.2 describes where various elements may arise.

Section 2.3 summarizes which elements are limited by current Fuels Campaign values for oxide and metal
fuel.

Section 2.4 summarizes which elements we can analysis with separation data provided by Separation
Campaign colleagues. As will be seen; there is a substantial mis-match. There are many fuel limits for
which there are no separation data; there are separation data for elements that do not have fuel limits (but
perhaps should).

Section 2.5 describes simplistic calculations regarding how chemical equilibrium is approached for the
case of a single fuel and single impurity specie. These provided insights into what to expect from FIT
modeling.

Section 2.6 describes our attempts to keep the quantitative analyses as simple as possible while doing
adequate justice to the problem. We settled on a set of 15 chemical groups.

Our FY 2010 analyses continued from the FY 2009 analyses. Our observations in FY 2010 include the
following:

1. The experimental basis for quantifying the degree of separation of the lanthanides from actinides
ranges from having data for several lanthanides from UREX tests to relatively weak or remains to
be developed. Often, the behaviors of the lanthanides are extrapolated from data for only a few of
them; yet, as is the case with transition metals and actinides that have multiple possible oxidation
states, the behavior of individual lanthanide elements may vary.

2. The reasons for working limits on impurities in oxide and metal fuel feedstock include fabrication
difficulties, formation of oxides/intermetallics, attack on fuel cladding, displacement of fissile
content, and neutron absorption. If the program is to consider minimum fuel treatment (MFT)
options, solutions will have to be considered for many of these issues for particular combinations
of fuels, fabrication technology, and separation technology.

3. Currently, there are no working limits for impurities in oxide and metal fuel feedstock for many
chemical elements. Non-limited elements may need to be reconsidered if the program is to
consider MFT options. For example, the only limits on noble metals—ruthenium, rhodium,
palladium, silver, rhenium, osmium, iridium, platinum, gold—are for oxide fuels, specifically
ruthenium for fissile displacement and silver for undesirable oxides and fissile displacement.
Minimum fuel treatment options typically do not remove noble metals. Thus, the question arises:
would minimum fuel treatment approaches put so much noble metal content in oxide or metal
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fuels as to cause a problem? Or, would other hard-to-separate materials continue to be the
limiting elements?’

4. Most fuel fabrication methods include a feed conditioning step that involves dissolution or
melting of the feedstock. This has to be considered in the proliferation risk assessments and the
definition of so-called “minimum fuel treatment.” It also motivates integration of separation and
fuel fabrication.

5. Adoption of “minimum fuel treatment” would drive new approaches for fuels and fuel fabrication
because the impurity levels would be significantly higher.

6. Definition and assessment of “minimum fuel treatment” must reflect both separation and
subsequent fuel fabrication. For example, current tristructural-isotropic (TRISO) fuel fabrication
involves a dissolution step, apart from whether or not separation of used fuel is the source of the
feed material.

More fully quantifying the chemistry for different separation techniques has several potential benefits.
First, it may provide a basis for initial estimation of separation of elements for which there are not now
data. Second, a better definition of the relative importance of different elements among the full range of
issues (fuel fabrication difficulties, cladding attack, etc.) provides a solid foundation for potentially
modifying and combining parts of separation approaches (e.g., voloxidation with melt-refining). Third,
proliferation risk assessments must not only consider a facility as designed, but also how a facility might
be modified. That is, from chemical principles, a given approach such as volatility can separate some
elements but not others. A facility designed to use a gas-phase process may not be particularly suited to
for liquid processes that may be required for certain elemental separations. However, a facility designed
to use volatility as one step in a series of separations might be changed to operate under conditions that
differ from those for which it was initially designed. These matters are likely to become more important
as the program considers minimum fuel treatment possibilities.

1. All fuel treatment methods (even so-called minimum fuel treatment) have some chemistry
associated with them (e.g., oxidation reactions to enable separation due to the variable volatility
among different chemical species in AIROX).

2. The fate of non-fission product impurities is often inadequately understood (e.g., C-14, CI-36).

3. Because separation techniques use different chemical characteristics (volatility, selective
oxidation, complexation in nitric acid, etc.) one cannot assume that elements of the same
chemical grouping (as we have defined them) behave the same in two different separation
techniques.

4. Because fuel fabrication and performance are based on different chemical characteristics for
oxide versus metal fuels, one cannot assume that elements of the same chemical group face
comparable limitations in two different fuel types.

5. Build understanding and analysis step-wise.
6. Consider uncertainty ranges.

7. A key issue is how each subsystem or full system responds to perturbations, but that is beyond
what we currently intend to study with the steady-state FIT model; it will await future Verifiable
Fuel Cycle Simulation mode (VISION) analyses.

j- AIROX does not remove the lanthanides but does remove 100% of the silver, so it might be expected that noble metals
would not be limiting in such an approach. Melt refining (with an oxidizing crucible) does remove ~95% of the lanthanides,
so noble metals might be found to be limiting.
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We have also identified these questions, which we would like to explore during FY 2011.

1. Proliferation resistance and physical protection - does “minimum fuel treatment” have benefits
versus aqueous or electrochemical?

2. Reactor - quantify the increased TRU:uranium ratio or uranium enrichment as TRU degrades
(from increased storage time) or impurities increase.

3. Separation -

- Which fuels and fuel cycle management options are the most user-friendly (i.e., treatment is
simplified or minimized)?
- What are the losses into each waste and fuel stream?
- How does separation performance change as the quantity of recycling impurities increases?
- How does cost vary as losses change?
- How does cost vary with gamma/neutron dose?
4. Fabrication

- What happens to fuel fabrication and reactor performance if impurities in the feed stream are
significantly higher than the working impurity targets?

- How does cost vary as impurities in the feed steam increase?
- How does cost vary with gamma/neutron dose?

- What dissolution or melting steps occur during fabrication (e.g., dissolution step in current
TRISO fabrication)?

- What are the losses into each waste stream and fuel stream?
5. Waste form—can we get out of the heat-per-container trap?

6. Waste disposition—if waste classification is changed from source-based to characteristic-based,
what benefits (and costs) arise?

Many of the above pertain to “minimum fuel treatment” such as AIROX or melt-refining. Tables 2-1 and
2-2 summarize initial qualitative analyses. Note that fundamentally high-impurities are analogous to extra
long-life (extreme burnup) in that more non-fuel material accumulates in in-service fuel. Therefore,
research and development (R&D) thrusts like impurity-tolerant fuel matrices and clad coatings that
protect against impurities may enable minimum fuel treatment and/or extreme burnup. The Fuels
Campaign already has a question about how impurities generated during irradiation behave versus how
impurities residual after separations behave. The example in our FY 2009 report was that the working
impurity limit for lanthanides was 4,000 ppm, but 40,000 ppm are generated during irradiation. These are
viewed as consistent because the lanthanides addressed by the 4,000 ppm limit are viewed as more mobile
and concentrated and likely to attack cladding, whereas the lanthanides associated reaching 40,000 ppm
during irradiation are viewed as relatively immobile— not all impurities — even of the same element -
behave the same. If instead there are impurities after MFT (such as AIROX-treated particles), are they
more like the low-mobility 40,000 ppm-lanthanide because their original matrix was not as disturbed (as
would be in full treatment) or more like the high-mobility 4,000 ppm-lanthanide impurity?
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Table 2-1. Qualitative potential implications of “minimum fuel treatment” on fuel cycle components.

Possibly no liquids (e.g., AIROX)

Positive Negative
Reactor Some recycled impurities might serve | Higher impurities absorb more neutrons,
as burnable poisons.* slight increase in TRU/U or U235/U
enrichment required.
Fuel High impurities, but for same net Impurity accumulation in fuel.
Fabrication burpup, less gas generation aqd less Impurity attack on cladding/coating.
radiation damage to clad/coating.
Separations Fewer, easier separations Less efficient separations — potentially more

fission product contaminants in the recycled
actinide stream, and more TRU contaminants
in the waste streams, compared to full
separations.

Waste forms

Designs for capture and
immobilization of gaseous fission
products (C-14, H-3, I-129, and noble
gases) can be similar to current designs
for capturing gaseous species
containing these nuclides in full
separations processes.

Waste forms for semivolatile and less-
volatile fission products may need to be
developed, as the groupings of these fission
products would be based on relative
volatility and reactivity, which is different
from fission products groupings based on
solubility in solvents used in full separations
processes.

Waste
disposal

Partial separations processes may
enable easier regulatory and policy
conversion from source-based waste
definitions to waste definitions based
on characteristics that could impact
storage, disposal, and potential
hazard/risk to the environment and
public.

Potentially more TRU contamination in
waste streams less efficiently separated from
recycle streams, compared to full separations
processes.

k. Some fission products can actually serve as the stabilizing isotope for the matrix itself (as opposed to residing in the
dispersion kernel). For example, much of the lanthanides are neodymium isotopes (some are neutron poisons of course).
Coincidently, this element may prove to make a more stable damage resistant inert matrix. Case in point (neodymium
zirconate=Nd,Zr,07) which is a pyrochlore compound of interest in the inert matrix community (ongoing research mainly at
University of Florida). Also, lanthanides are likely to form oxide phases in oxide fuel (mobility and restructuring to be
addressed). In metal fuels, lanthanides pose a fuel-cladding problem as they tend to try to trade places with iron in the

cladding.
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Table 2-2. Qualitative potential implications of “minimum fuel treatment” on fuel cycle objectives.

and policy conversion from
source-based waste
definitions to waste
definitions based on
characteristics that could
impact storage, disposal, and
potential hazard/risk to the
environment and public.

separated impurities
may lead to more
activation and
accumulation of long-
lived fission products.

Positive Negative Questions
Waste Partial separations processes | Repeated recycle of Next step is FY 2010
management may enable easier regulatory | incompletely calculations that

examine impact of long
irradiation on impurities
to determine which
long-lived fission
products decrease and
which increase.

Proliferation and

Some minimum fuel

Safeguard

What do metrics and

treatment versions, there is no
handling or spills of
radioactive waste during
separations.

contaminants in both
recycle and waste
streams may affect
how those streams can
be safely handled.

physical treatment options may be measurements may be | methodologies say?
protection very difficult to alter to more difficult.
provide high grade weapon
usable material
Higher radiation fields in
recycled material
Uranium Lower risk of proliferation for | More neutron Challenge development
utilization partial separations processes | absorption by of minimum fuel
may enable faster or more impurities will slightly | treatment options to
widespread acceptance of decrease uranium maximize neutron
used fuel recycling and fast utilization. absorber removal at
reactor designs, enabling fuel minimum cost.
cycles that can achieve higher
uranium utilization than
practical for once-through
fuel cycles.
Economics Lower separation cost. Higher fuel fabrication
cost; potentially higher
waste disposition cost.
Safety In some minimum fuel Increased levels of

The rest of this section pertains to defining isotope and chemical grouping, and then analysis of how well
the four representative separation techniques can be analyzed with that approach.

21

Isotope and Chemical Grouping

The use cases identified in Section 1 involve four separation approaches: AIROX, melt refining,
electrochemical, and aqueous. Aqueous separations processes can vary widely in function and resultant
separated recycle and waste streams; the most reasonably comprehensive (complex) of these, UREX+1A,
is used in the model to encompass the range of potential aqueous separations processes.
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A central topic in the first half of FY 2010 was the level of disaggregation or grouping for future
systematic analyses. Chemical behavior is central to fuel performance, separation, waste forms, waste
disposal performance, etc. In principle, to comprehensively model fuel cycle behavior, we would have to
separately model all 99 elements from hydrogen to einsteinium; however, we wish to avoid this. The
stable and neutron-rich radioactive isotopes (those preferentially created as fission products) and those
associated with actinides number perhaps 1600 isotopes; there is no need to track them all. Alternatively,
we considered very simple groupings such as actinides, lanthanides, alkali metals (Group 1), alkaline
earth metals (Group 2), halogens (Group 17), inert gases (Group 18), and then everything else.

We considered individual elements that have special roles in fuel cycle analyses, for example:

1. Zirconium is the primary constituent of Light-Water Reactor (LWR) fuel cladding and any fuel
cycle analysis that considers LWRs must accommodate it.

2. Molybdenum and ruthenium, rhodium, and palladium constrain the loading of waste into the
classical waste form of glass, but in two different ways.

3. Technetium is a special waste stream in the UREX family of separation options; it is not found in
nature. Tc-99 is often a dominant waste management concern.

4. Hydrogen and carbon are ubiquitous, key constituents in separation chemistry.

We began with the chemical groupings being used in VISION, the Fuel Cycle Transmutation Library, and
other tools (herein referred to as the Set of 81 because there are 81 items) some individual isotopes and
some mass treated as stable (Piet 2009a) with two eventual modifications. First, although the Set of 81
has the important radioactive isotopes for the actinides, the actinide decay products, and fission products;
it was not designed to be inclusive of key impurity isotopes. Therefore, we anticipate eventually having to
add key isotopes from steel and other major sources of non-fission-product impurities. Second, the mass
treated as stable in the Set of 81 needs further division because of different chemical behavior, and
therefore we will split the fission product “stable” masses as follows:

e  Glass constraining transition metals = Mo versus Ru+Rh+Pd

e “Transition metal other” - non-metals (As, Se), metalloids (In, Sn, Sb), noble (Ag), and residual
transition metals (Nb, Cd)

Table 2-3 shows the current chemical groupings for FIT.
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Table 2-3. Current Chemical Groupings.

Chemical Grouping

Comment

H3

Ubiquitous

Non-metal
Impurities (C-14, C, N, O, P, S)
Fission products (Se-79, Se-stable)

Split Se stable from current box of TM-stable

Group 1
Alkali metals (Li, Na, K, Rb-stable, Cs-134, 135,
137, Cs-stable)

Group 2
Alkaline earth metals (Be, Mg, Ca, Sr90, Sr-stable,
Ba-stable)

Split Group 1 versus 2 because of electrochemical and melt
refining results. This is trivial for the Set of 81 because Rb-
stable and Cs-stable are already differentiated from Sr-
stable and Ba-stable in the Set of 81.

Li, Na, K, Be, Mg, Ca are not fission products and will be
very low mass.

Group 17
Impurities (F-stable, C1-36, Cl-stable)
Halogen fission products (I-129, I+Br stable)

CI35 is an important impurity in some assessments,
activates to C1-36. F and Cl are key processing elements
(molten salt, echem salt). Do not split I-stable from Br-
stable in the main FIT mass flow, but they can always be
split in specific modules if needed.

Transition metals

First row Mn-54, Mn-56, Fe-55, Co60, TM-other
Second row Nb-94, Nb-stable, Mo-stable, Cd-
113m, Cd-stable

Third row HftTa+W, Hg

Steel-related isotopes (Mn-54, Mn-56, Fe-55, Co-60, Nb-
94) not yet tracked.

Split Mo from current glass-constrain-stable, and split Nb
and Cd from current TM-other

Hf, Ta, W are not fission products

Metalloids
Low-Z impurities (B, Si, Ge, As)
Fission products (Sb-125, Sb+Te-stable)

B, Si, Ge and As are not significant fission products.
Split Sb+Te-stable from current TM-other

Other metals
Low-Z impurities (Al, Ga)
Fission products (Sn-126, In+Sn-stable)

Lanthanides = Cel44, Pm147, Sm146,147,151,
Eul54,155, Hol66m, lanthanide-stable

Al and Ga are not fission products
Split In+Sn-stable from current TM-other

Do not split first half from second half of the lanthanides.
Include Y

Metalloid decay products (Po)

Other metal decay products (T1, Pb-206, Pb-207,
Pb-208, Pb-210, Bi-209)

Group 17-18 decay products (At, Rn

Ac = Ac-227

Actinide decay products
Mass of T1, Po, At, Rn, Fr mass is essentially zero

Th = Th-228, 229, 230, 232

Pa =Pa-231

U =U-232,233,234,235,236,238

Np = Np-237

Pu — Pu-238,239,240,241,242 244

Actinides
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Am = Am-241, Am-242m, Am-243

Cm = 242,243,244,245,246,247,248,250
Bk = Bk-249

Cf = Cf-249,250,251,252

Figures 2-1 and 2-2 show the same groupings as Table 2-3, with the same color scheme, but in a graphical
form and without denoting individual isotopes. Figure 2-1 shows the groupings by name, and Figure 2-2
by the symbol of individual elements. We are partially through the process of determining whether this
set of chemical groupings will work for AIROX, electrochemical, melt-refining, and aqueous. It should
work reasonably well for aqueous because the original Set of 81 was developed with aqueous experts with
that application in mind.

H

Nonmetals

Transition metals Metalloids

Tc

Group 18 noble gases

Group 17 halogens

-C:
o

Other
metals

Noble metals
La

Group 1 alkali metals
Group 2 alkaline earth metals

Ac

Lanthanides {La to Lu, plus Y)

Ac ([ Th|Pa| U |Np|Pu |Am|Cm | Bk | Cf

Actinides

Figure 2-1. Current chemical grouping of the Periodic Table for FIT purposes.
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Figure 2-2. Preliminary chemical grouping of the Periodic Table, showing individual elements.

2.2 Source of Various Elements

The use cases identified in Section 1 involve four separation approaches: AIROX, melt refining,
electrochemical, and aqueous. It is appropriate to consider what processes may produce any element in
the Periodic Table. Figure 2-3 shows potential sources from actinides (and decay products); fission
products; fuel matrix/clad/coating, and other impurities. The specific impurity sources from solvents and
working fluids are not shown. In broad terms, starting with lithium (Element 3), the sources are
impurities, fission products, impurities, actinide decay products, and the actinides.
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Figure 2-3. Potential sources of elements; solvents and working fluids are not shown.

A broad observation is that the different sources tend to align horizontally in the Periodic Table, whereas
the chemical behaviors tend to align vertically in the Periodic Table.

2.3 Fabrication

In FY 2009, the Fuels Campaign provided their working limits for oxide and metal fuel impurities—both
the quantitative limit and the rationale (Appendix A, Shropshire 2009). Of course, as research proceeds,
both the quantitative limits and the rationale may change. Nonetheless, the next two subsections examine
the data for insights on chemical grouping and on the causes of the limits. The causes of the limits must
be understood so the high-impurity cases posed by MFT approaches can be analyzed.

2.3.1 Oxide Fuel

There are five types of issues that motivate the working limits on oxide fuels: fabrication difficulties,
forming oxides or intermetallics in the fuel, attack on cladding, reduction in fissile content (by displacing
fissile atoms), and neutron absorption. Neutron absorption refers to both the sheer number of neutrons
absorbed and therefore wasted, but also (in the case of some of the lanthanides) impact the neutron
spectrum by absorption in the resonance region. The potential methods to deal with each of there in high-
impurity fuels differ. Fabrication difficulties would require either more expensive fabrication or new
methods. Undesirable oxides and intermetallics can affect fuel fabrication, but also the fuel longevity.
Cladding attack might motivate a fuel/clad barrier to be developed or fuel lifetime could be quite reduced.
Reduction in fissile content and neutron absorption require adjustment in fuel content and/or reactor
physics design.

Figure 2-4 shows the working limits for oxide fuel using the Periodic Table graphic, with the same color
coding as Figures 2-1 and 2-2. The first observation is that less than half of the elements have limits at
present. Comparison with Figure 2-3 shows that less than half of the fission products are limited;
elements related to steel (a logical source of impurities) and the lighter elements are generally limited.
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Figure 2-4. Working Fuel Campaign limit on TRU feedstock for oxide fuel (ppm).

Starting at the upper left portion of the Periodic Table, consider a few observations. The limit on alkali
metal lithium is unknown. The next alkali metals (Group 1), sodium and potassium, form compound
oxides, which can melt or decompose at temperatures below the fuel sintering temperature, causing
fabrication issues. Aluminum is a liquid metal embrittlement agent on fuel cladding; its 2000-ppm limit
also includes beryllium, magnesium, silicon, calcium, but these four elements apparently merely displace
fissile content. Non-metals phosphorus and sulfur are limited to 800 ppm because they form unstable low
melting point compounds increasing fabrication difficulty.

There are three group limits for different sections of the transition metal portion of the Periodic Table. A
2000-ppm limit covers titanium, vanadium, manganese, cobalt, copper, molybdenum, silver, tantalum,
tungsten, which form undesirable oxides in the fuel and affect the total impurities displacing fissile
content. A 1500-ppm limit covers chromium, iron, nickel, which form undesirable intermetallics in the
fuel and affect the total impurities displacing fissile content. And there is a 440-ppm limit on zinc,
cadmium, tin, and lead, which form oxides that decompose at temperatures below fuel sintering
temperature causing fabrication issues. Also, the transition metal ruthenium is limited to 1000 ppm to
minimize displacement of fissile content.

The 60-ppm limit on halogens (fluorine, chlorine) is to prevent fuel cladding corrosion. It is not known if
this limit covers other halogens such as bromine and iodine.

Promethium does not appear in nature, presumably the reason it is not included in the 2000 ppm limit for
the first five lanthanides. That limit stems from the ability of these elements to form oxide hydrates and
oxides that make control of oxygen:metal ratio difficult in pellet sintering. Terbium lies between
samarium, europium, gadolinium, and dysprosium, but it is not included in their 400-ppm limit. These are
restricted as thermal neutron resonance absorbers.

2.3.2 Metal Fuel

Figure 2-5 is analogous to Figure 2-4, but for metal fuel instead of oxide fuel. The first observation is that
there are limits for fewer elements. Indeed, other than the lanthanides, few of the fission products are
limited. Concentrations of lanthanides form low melting eutectics with fuel cladding. Due to their lack of
dispersion, lanthanide impurities arising from recycled fission products that appear in TRU feedstock are
more detrimental to fuel performance than lanthanide impurities formed in situ as fission products.
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Figure 2-5. Working Fuel Campaign limit on TRU feedstock for metal fuel (ppm).

Like oxide fuels, halogens are limited to prevent fuel cladding corrosion. This 300-ppm limit includes
fluorine and chlorine, but unlike the metal fuel limit, also it explicitly includes bromine and iodine.

Non-metals carbon, nitrogen, oxygen, and silicon are limited to minimize interaction with fuel alloy
components. Silicon is especially problematic in combination with zirconium.

Cadmium is used in electrochemical separation, and its carryover into the feed stream is limited to 200
ppm.

Certain transition metals—aluminum, chromium, manganese, iron, nickel, zinc, and molybdenum—form
undesirable intermetallics in the fuel and affect the total impurities, thereby displacing fissile content.

Hafnium appears with zirconium in zirconium-bearing ores, and is apparently limited due to its high
neutron absorption.

2.4 Separations

The following four subsections summarize the elements that are separated from the balance of the fuel
materials by each of the separation processes.

Table 2-4 provides an overview of the four separation methods. This is a first step at examining each
separation option to identify which underlying chemical properties are the basis for each (e.g., ionic size,
complexation, volatility, valence states, and variability of valence states. This would seem to be a
pathway toward identifying how a facility using a given approach may be modified—an important
question in proliferation risk assessments. That is, from basic chemical principles, a given approach such
as volatility can separate some elements or groups of elements but not others. For example, a facility
designed to use only volatility differences would likely not be particularly easy to modify to instead use
differences in valence states as a basis for separations. However, a facility designed to use volatility as a
separation approach for a given set of conditions (temperature, oxygen pressure, etc.) might be relatively
readily modified to operate the process under another set of conditions.

Alternatively, in some proliferation risk assessments UREX is given little credit relative to Plutonium-
Uranium Reduction Extraction (PUREX) because with a slight modification to the process chemistry, the
existing equipment within a UREX plant can be reconfigured to produce a plutonium stream like a
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PUREX plant.! However, the required reconfiguration of both process flows and equipment is not
insignificant. So, it would seem that in assessing any chemical treatment option, there are two types of
questions: (1) What products is the plant designed to produce, and what does that imply for diversion,
theft, transport, etc.? (2) What products could be produced with relatively few physical or process
changes that enable diversion or theft? It is this second question that weakens the proliferation-resistance
advantage for UREX and which must be assessed for any separation or fuel treatment option.

Table 2-4. Basis for separation using different techniques.

Acid dissolution.

Separation primarily by solvent
extraction (ion exchange for technetium),
of ionic species from aqueous solutions;
extent of separation controlled by acidity,
valence, complexation, and other factors.

cesium, strontium,
minor actinides,
tritium,

iodine,

Group 18,
lanthanides*

Method Basis for separation Elements Comment
Melt refining Volatilization of halogens, inert gases, Lanthanides, Groups | Data for tests with oxide
etc. 1,2,17, 18, crucible as the source of
Requires metallic/reduced fuel feed cadmium, tellurium, | oxygen.
Selective oxidation followed by yttrium, thorium,
volatilization or formation of solids americium
(removed as dross).
Species concentration must exceed
solubility in the melt to be removed.
AIROX Volatilization of either reduced or Tritium (radioactive | Multiple oxidation and
oxidized species. hydrogen) reduction cycles at 400—
Separation achieved due to high volatility | Krypton, 12, 95% of | 600°C. Lanthanides
of fission product species relative to Cs, 50% of oxidize, but their
uranium oxide. ruthenium, lesser volatility is too low at
removal of such temperatures to
tellurium, facilitate removal from
technetium, the used fuel.
cadmium, indium
Electrochemical Dissolution in molten alkali metal salt. Uranium, actinides, At present, lanthanides,
Volatilization of some species. some fission fission products, Groups
Electrochemical reduction step for oxide | products, iodine, 1 and 2 remain in salt.
fuels. Group 18
Selective deposition based on differences
in redox potential (free energy).
Aqueous Volatilization pretreatment to remove Uranium, Separation scheme is
tritium (voloxidation). technetium, tailored to desired

product slate, but only
uranium, and plutonium
recovery data at
production scale.

*Lanthanides are separated but would likely be combined with transition metal fission products.

241

Melt Refining

Figure 2-6 shows data for melt refining of metal fuel (Hesson1963). The data are the percent of elements
removed from the molten used fuel. The removal fractions for elements within a chemical grouping are
the same with two exceptions. First, the actinides thorium and americium behave differently from the

1. This of course begs the question of what does “slight modification” mean. Significant (in the plant sense) processing
changes likely have to be made, though chemical modifications are relatively small. Additional cycles and tanks and piping
are required. So it ultimately depends on how easy these changes are to implement, how long they take to implement, how
easy they would be to detect, etc. However, there are of course stronger similarities between PUREX and UREX than a dry
process like melt refining.
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other actinides. Since these two elements are addressed in FIT by individual isotopes, not the broad group
of actinides (Th-228, 229, 230, 232; and Am-241, 242m, 243), their different removal fractions can be
easily modeled. Second, tellurium is removed (95%) but antimony is not; this is only a modeling
difficulty if the mass of antimony is significant and it has important impurity limits.

Gr1-

Alkali Gr:;glg
metals Gr2— S
Alkaline Gr1iv -
earth Halogens

metals
No data
No data o
g =
o | = [99%|8%| 8% 8% 8% S 8% 8% |7 |7
S |2 ‘
] t |99 No data
No data

\ 99% for lanthanides (Lato Lu, plus Y) based on Ce data alone

‘J 5% 92% (92% (92%

No data

Figure 2-6. Separation figure illustrating melt refining—raw data only; values for actinides are percent
recovered as product; values for everything else are percent removed from fuel product.

Figure 2-7 shows the same data as Figure 2-4, but with the “no data” elements shown explicitly. In lieu of
other data, chemical analogs (elements within the same chemical group) will be assigned removal
fractions equal to those as shown. The point is that there is at least one data point for each chemical

group.
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Figure 2-7. Separation figure illustrating melt refining; values for actinides are percent recovered as
product; values for everything else are percent removed from fuel product.

Few observations can be made about melt refining simply from this figure.

e Because 95% of the lanthanides are removed, most of the neutron-absorbing fission products in
used fuel are removed including Ce-144, one of the highest gamma-emitting fission products, and
its progeny. This is beneficial from the standpoint of reducing gamma dose from this material, but
is detrimental from the proliferation resistance and physical protection standpoint as it effectively
removes a “self-protecting” dose.

e Few of the transition and noble metals are removed, and the associated impurities reduce fuel
performance. This apparently was why melt refining was dropped from consideration for
treatment of EBR-II spent fuel in favor of pyroelectrochemical processing. However, the
impurities were not detrimental as uranium alloying materials up to 5 wt%, since this uranium
alloy achieved burnups above 8 at% (i.e., 75 MWth-day/kg)

e Since 95% of the americium is removed, the residual actinide-rich mass is primarily uranium and
plutonium with the small mass amounts of neptunium, curium, berkelium, and californium. How
this will be viewed from a proliferation resistance and physical protection standpoint is unknown.

242 AIROX

Figure 2-8 shows preliminary data for AIROX (i.e., what fraction of impurities and fission products are
removed from used fuel) (Christian 1999). Data exist for most of the chemical groupings. But, generally
there are few data points within a given chemical group; therefore, we do not know the actual variation
within that group. With the sole exception of the second row noble metals, the removal fraction for all
elements in a given grouping are effectively the same within the data available. For the second row noble
metals, ruthenium is 22%, rhodium, and palladium are not removed, and ~100% of the silver is removed.
Radiologically, the only key isotopes in that grouping are Ru-106 and Pd-107.



Losses Study

September 15, 2010 57
=+
2
0.1 99.9 999 999 (999 | 0.1 -
- " , . 99.9% " 22% 0.1% 3, o o , ~100 t
o | =
= = 0.1
!

Nil separation of the lanthanides (La to Lu, plus Y1 =0.1%

Assume 99.9% retention

Figure 2-8. Separation figure illustrating AIROX. Values for actinides are percent recovered as product,
values for everything else are percent removed from fuel product.

2.4.3 Electrochemical

Development of a treatment process for sodium-bonded metallic fast reactor fuel using electrorefining has
been investigated intermittently for over 2 decades. The main steps in the process currently under
investigation include the electrochemical separation of useable materials from used fuel in a medium of
molten chloride salt and a subsequent separation of residual salt from the recovered metal using a high-
temperature process. As illustrated in Figure 2-9, the electrochemical separation is based on the free
energy of the formation of chloride compounds at 500°C. The products recovered include uranium
(designated RU for recovered uranium as opposed to uranium that is enriched (EU), depleted (DU), or
natural (NU)) or uranium-zirconium (RU-Zr) metal and a uranium-transuranic (U-TRU) metal. The U-
TRU product should be generally pure, based on thermodynamic models, and experiments are currently
being conducted to verify the model predictions. The salt-metal separation is accomplished via a high-
temperature process based on differences in either volatility or density. The process produces two primary
waste streams: fuel cladding and fission-product laden salt. The fuel cladding contains the noble metal
fission products and some residual actinides. The salt contains the active metal and lanthanide fission
products and some actinides, but the actinides are stripped from the salt and returned to the electrorefiner
before the salt is discarded.
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Figure 2-9. Used fuel components separated via free energy of formation at 500°C.
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Figure 2-10. Separation figure illustrating electrochemical separation. Values for actinides are percent
recovered as product, values for everything else are percent removed from fuel product.

244 Aqueous

UREX+ (URanium EXtraction-plus) represents a number of potential flow sheets for the processing of
commercial LWR spent fuel. It consists of combinations of solvent extraction processes that are designed
to achieve targeted separations. These processes are denoted UREX+, reflecting the initial extraction of
uranium. The UREX+ processes are distinguished from PUREX by the fact that they do not separate pure
plutonium.

Figure 2-11 summarizes data for aqueous UREX separation. Tritium, the halogens and noble gases are
separated as part of the pretreatment process, voloxidation. Any remaining volatile species are evolved
during dissolution of the fuel. The other groups in Figure 2-11 can be linked with the processes described
below. Because there is significant flexibility in process design and chemical pretreatment, very high
recoveries are expected for essentially all of the products of interest. Unlike the other separation
techniques, Group 1 and 2 elements behave similarly, with recoveries greater than 99%. Separation of the
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lanthanides from the actinides is very high, with less than 0.05% of lanthanides remaining with the TRU
elements after processing.
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Figure 2-11. Separation figure illustrating aqueous separation. Values for actinides are percent recovered
as product, values for everything else are percent removed from fuel product.

Table 2-5 summarizes various aqueous separation options, indicating which products are provided. Each
of the UREX+ processes was designed for different recycle scenarios. The UREX+1, 1a, and 1b
processes are intended for group extraction of the transuranic elements. The recovered transuranics are
combined with uranium and fabricated into fresh fast reactor fuel. In UREX+1b, uranium is combined
with the TRU elements prior to solidification. The UREX+2/2a and +3/3a processes are designed for
thermal recycle of plutonium and neptunium. The UREX+4 and 4a processes allow for burning
americium in specially-designed target assemblies. In the three alternatives designated “a,” uranium is
added to the plutonium/neptunium product in-process rather than to the plutonium/neptunium product.
The residual fission products remaining after these separation steps are comparatively benign (low
radiation level and heat generation rate) and can be immobilized at high concentrations in durable ceramic
waste forms. Pre-treatment of the fuel captures the volatile fission products 1-129, tritium, C-14, krypton,
and xenon. As we sagaciously advance with the various use cases, we will have to identify which
variant(s) to consider. UREX+1b and UREX+2/3/4a are variations in which uranium is recovered with
the TRU elements for proliferation risk reduction.

U and Tc Recovery. All UREX+ processes separate uranium in the UREX process step, at a level of
purity that permits (1) re-enrichment, (2) storage in unshielded facilities for near-term or future use, or
(3) disposal as low-level waste. The long-lived fission products iodine and technetium are recovered in
the front-end processes and the UREX process step, respectively, and immobilized in durable waste
forms. Technetium is recovered by anion exchange.

Cs/Sr Recovery. Cesium and strontium are separated by one of two processes: the cobalt dicarbollide-
polyethylene glycol (CCD-PEG) process or the FPEX (Fission Product Extraction) process. The
separation step can be omitted with no detrimental effect on downstream processes.
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TRU Recovery. In UREX+1a and 1b the transuranic elements are extracted in a two-step process, while
UREX+1 eliminates the second step. In UREX+1b, uranium is added to the TRU product prior to
solidification. The first step, TRansUranic Extraction (TRUEX), efficiently separates the transuranics
from all fission products except the lanthanide elements. In UREX+1, the actinide-lanthanide product is
solidified for interim storage. In UREX+1a and 1b, the actinide/lanthanide product from TRUEX is the
feed to the second step, TALSPEAK (Trivalent Actinide Lanthanide Separation by Phosphoric
Extractants and Aqueous Komplexes). The TRU product stream is converted to a stable form for fuel
fabrication. The concentrated lanthanide stream is combined with the TRUEX raffinate and converted to a
high-level waste form, yet to be defined.

Plutonium/Neptunium Recovery. In the UREX+2, 3, and 4 options, NPEX is run prior to TRUEX to
separate plutonium and neptunium, with or without uranium, from the other fuel components. In
UREX+2 and 2a, the americium/curium/lanthanide product is converted to a solid form for storage._ For
UREX+3, 3a and 4, 4a, the TRUEX and TALSPEAK are then run sequentially with TALSPEAK yielding
an americium/curium product that is solidified for target fabrication.

Americium/Curium Recovery. For UREX+3, 3a and UREX+4, 4a, the TRUEX and TALSPEAK
processes are run identically to that used for UREX+1,1a, and 1b—the sole difference being the absence
of plutonium and neptunium from the TALSPEAK TRU product. In UREX+4 and 4a, the
americium/curium product from the TALSPEAK process is further treated to separate americium from
curium. The two products would be solidified with the americium forming a precursor for target
fabrication and curium converted to a waste form for disposal. Currently, there is no process that has been
developed at the lab-scale that has demonstrated applicability to large-scale operations.

Table 2-5. Summary of aqueous separation options.

Product Product Product | Product Product Product | Product | Product
1 2 3 4 5 6 7 8
UREGH TRU/Ln | FP
UREX+1a TRU
FP/Ln
UREX+1b U/TRU
J’_
UREX+2 Pu/Np
Am/Cm/Ln | FP
+
UREX*2a Uranium | Technetium | CsSr U/Np/Pu
J’_
UREX+3 Pu/Np
Am/Cm FP/Ln
+
UREX+3a U/Np/Pu
+
UREX+4 Pu/Np
Am Cm FP/Ln
UREX+4a U/Np/Pu
PUREX Uranium P Tc/CsSr/
" " NpAmCm/
COEX U/Pu FP/Ln
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NUEX
e Tc/CsSr/
NUEX+1 U/Pu Am/Cm Np FP/Ln
NUEX+2 CsSr/
U/Pu Tc Np FP/Ln

FP = Fission products other than technetium, lanthanides, cesium-strontium, and the volatiles (iodine,
noble gases)
Ln = Lanthanides

2.5 Is Equilibrium Possible?

To reconsider whether equilibrium is possible with minimum fuel treatment cases, we constructed a
simple spreadsheet model with the following approximations.

e Single fission product impurity species, a fraction x of the total.

e Fast reactor with a fixed burnup (f) (i.e., each pass through the reactor f percent of the initial
TRU+U is converted to fission products). For illustration purposes, we set this to 14%, consistent
with the CR= 0.5 cases being analyzed.

e The separation efficiency(s) is fixed, the amount of an impurity that is retained in the fuel recycle
stream is s times the mass flow.

e The composition after separation from recycle N is the incoming composition for recycle N+1.

Then, we derive the following:

1. Theincrease in impurities coming out of the reactor is f(1-x), or f times the fuel fraction of the
incoming fuel.

2. The output composition is given by x + f(1-x), or the input impurity plus what is created in the
reactor.

3. The fraction of impurities after separation is given by (1-s) [x+f (1-x)].

4. The equilibrium fraction of impurities is given by (1-s) f / [(1-s) f + s].

Figure 2-12 shows the calculated number of recycles to reach 90% of equilibrium impurity fraction.
Recall from earlier in Section 2 that in minimum fuel treatment cases, the separation efficiency varies
from ~0% to ~100%. At 100%, the equilibrium output fraction is 0.00 and it is reached on the first
recycle. At 0% separation efficiency, the equilibrium impurity fraction is 1.00 impurity; 16 recycles are
required to reach 90% of 1.00 or an impurity fraction of 0.90.
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Figure 2-12. Number of recycles required to reach 90% of equilibrium.

Figure 2-13 shows the fraction of fuel that is impurity for a range of separation efficiencies as a function
of the number of recycles. In this example, the initial impurity was 1% of the fuel. The equilibrium
impurity fraction is independent of this number. A separation efficiency of about 93% is sufficient to keep
the impurity fraction at 1% indefinitely (with 14% burnup). In traditional chemical separation techniques
(aqueous and electrochemical) in which separation efficiencies are significantly over 90%, the situation
should remain stable. Indeed, with 99% removal, the actual equilibrium impurity fraction is only 0.14%,
or 1% of the assumed 14% burnup.

However, with minimum fuel treatment cases, the separation efficiencies for a significant fraction of
fission products is sometimes quite low, approaching 0%. Even at 10% separation efficiency, the fuel will
quickly be mostly impurity.

Equilibrium is a reasonable condition for traditional separation approaches, but not for the minimum fuel
treatment technologies considered here.
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Figure 2-13. Fraction of fuel that is impurity for a range of separation efficiencies.

2.6 How Much Chemistry is needed to FIT Together?

The preceding equilibrium example also helps illustrate why multiple chemical groups must be studied.
No option has low separation efficiency for every chemical group. In addition to the separation efficiency
variation by chemical group, the neutron absorption and the impurity impact on fuel fabrication vary by
chemical groups. In FY 2010, we attempted to start with a small number of chemical groups, but found
difficulties and eventually settled on the Set of 15 in Figure 2-1. These are as follows:

Alternatively, we decided that we needed this degree of chemical complexity. As indicated previously in
this section, we have found that even this number of chemical groups does not allow complete alignment
among the two fuel fabrication options and four separation options. In hindsight, it may have been easier
to simply analyze all 98 chemical elements.
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Figure 2-14. Chemical complexity.
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3. MODELING

In FY 2009, we analyzed the losses of well-defined Global Nuclear Energy Partnership (GNEP)-type
options. We have concluded that an integrated analysis tool is required for more systematic analysis of a
much broader range of options, which we originally called SLAM (System Losses and Assessment
Model), but now call FIT. Additional information is in Appendix A.

Figure 3-1 shows how FIT corresponds into the evolving system analysis toolbox. The bottom part of the
pyramid is analyses, tools, and data done by the other research campaigns.

Nuclear
impact on
energy secto
VISION
Dynamics of
nuclear system —
deployment, timing,
technology evolution
FIT
Static nuclear system —
How chemical behavior of one
component impacts system

v
Reac = Sep=p Fab =pW.F. = W.D}

I L

heat+
ORIGEN /amusg, [r*chem| 2\ Generic

MCNP, Echem, impact } impact \ Disposal

etc etc on fuel | onw.f. \ System
fab+perf 0ading* \Environ
density

Chemistry Fab Waste Disposal
Data for data, first data, fuel site data
.. form
o, Tz principle |performance} . and
science .
models models science

Figure 3-1. Role of FIT into the evolving system analysis toolbox.
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Many of the individual models within FIT actually have three potential roles in the pyramid, which will
typically be achieved in a sequential order:

1. Asstandalone tools that “bridge” from lower-level tools and enable rapid response and parameter
studies.

2. Ascomponentsto FIT
3. As components or source algorithms for VISION.

As an example, there is now a stand-alone Excel spreadsheet tool for calculating isotope decay and
isotope-specific time-dependent parameters such as heat, radiotoxicity, gamma emission, and neutrons
(Bays2010). This tool has have two manifestations in FIT. First, the decay capability in that tool has been
extracted and simplified for FIT purposes and time scales (decay up to a few hundred years). Second, the
tool has been used to calculate look-up tables of heat, radioactivity, gamma emission, and neutrons for
chemical groupings up through the waste management time frame. This tool has the same two
manifestations for VISION: a check of the isotope decay in VISION and the method for calculating
isotope-coefficients that are now in use in VISION.

This approach of having three venues for such a tool provides maximum flexibility and allows us to
continue building tools step-by-step, validating and learning as we go.

Our work suggests that a key issue throughout the pyramid is the proper “linkage” from one level to the
next, where “linkage” is not to imply a direct coupling of 1 bit of software to another, but rather any
means of transferring information up and down the pyramid. Options can include the following:

e Single integrated suite of software that can be used at one level or another.
e Direct coupling of software modules (i.e., higher-level software calls lower-level software).

e Simplified versions of models from one level incorporated into the next higher-level model (i.e.,
simplified form [0.1 MB] of the stand-alone isotope decay spreadsheet [>80 MB] incorporated
into FIT).

e Look-up tables produced from one level called by the higher-level model (i.e., fuel composition
input/output recipes produced from reactor physics models will be used in FIT).

e Approximated algorithms produced by one level of understanding incorporated into higher-level
model.

3.1 Architecture

Figure 3-2 shows the planned eventual architecture for FIT involving a mass flow calculation engine (FY
2010) and a solver (future years).
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Figure 3-2. FIT architecture.

Figure 3-3 shows the basic architecture for the mass flow engine, which is the focus of FY 2010 work.
When a scenario involves additional steps (e.g., the 2-tier options of LWR-UOX to LWR-MOX to FR),
the intent is to use the mass engine in two steps: the UOX/MOX step and the MOX/FR.
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Figure 3-3. FIT mass flow calculation engine.

Figure 3-4 shows more detail of the mass and information flow in the FIT model. It shows the main unit
operations modules in the FIT model. Each module is a location where process streams are chemically or
physically changed. Inputs are shown coming in the left side of each of the grey module boxes. Outputs
are shown coming out of the right side of each module. User inputs/choices the green boxes coming into
the top of the modules indicating that some features are user defined.

There are at least five places in the FIT model that would include storage of material/waste. A simplified
decay/ingrowth calculation will be performed for these storage steps for radioactive elements in the
inventory following the FIT model.

The format or layout of the FIT model is generic enough to cover the anticipated multiple use cases.
However, it was not intended to be suitable for studying once-through cases.



70

Losses Study
September 15, 2010

Model Inputs

Choose age of
fuel

J

Used Uranium Oxide Fuel ————|

The model starts here

User Inputs Model Ouputs
Depleted Uranium
Choose Choose
Choose Fabrication Reactor Type
process and Process and and
parameters parameters parameters
|
R
s i € o
p: 1 g Fuel Fabrication & Reactor
& 2
7]
—>
R
|
|
|
| A4
| Choose
! process and Buffer
} parameters Storage |-
| l DELAY
|
|
| Recovered U
|
K |
| | )
””””””””””””” Separations 2 &
S
7]
Choose
process and
parameters

|

Waste Processing

Figure 3-4. FIT modules.

Waste Storage

TIME
DELAY

Waste Disposition

Waste
Categories
and Amounts

Figure 3-5 shows a preliminary assessment of choices (green) and information flows (red) on top of the
mass flows (black). Team discussion made it obvious that no two people viewed the information steps the
same (i.e., what decisions lead to what). That realization generated the need for a “solver” that will be
able to use the mass engine from different perspectives.
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Figure 3-5. Technological choices (green) and information flows (red) overlaying mass flows (black).

3.2 Time Lags

“Time” is a critical factor in FIT, even when we were considering it an equilibrium-only model. The same
issue exists in the stand-alone Isotope Parameter and Decay Tool (Bays 2010) and VISION (Jacobson
2010). Table 3-1 summarizes what the time lags are and which approaches and approximations are used.
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Table 3-1. How different tools approximate different time lags.

Stand-alone Tools FIT VISION
From reactor ts | Isotope parameter Simplified decay tool Isotope decay built into
to separations and decay tool model
Apply separation matrix to composition that exists at time of separations.
Calculate heat and other parameters by then-current composition (which
Separations accounts for trs‘ impact on reactor output composition) x time-independent
parameters by isotope.
Heat, gamma, neutron emission, etc., for short-lived progeny must be
included with parent. Otherwise, progeny are not included with parent.
na | Isotope decay during separation steps is not estimated.
From separations ts | Isotope parameter and | Simplified decay tool | Isotope decay built into
to fuel fab decay tool model
Blend U, TRU according to adjusted input Blend U, TRU according
recipes to keep k constant with original input to unadjusted input
recipe at time tgetty. recipes (for now).
.. Calculate generation of heat and other metrics that impact the cost and
Fuel fabrication . . . .. ..
proliferation resistance of fuel fabrication by then-current composition
(which accounts for ti impact on reactor output composition) X time-
independent parameters by isotope.
na | Isotope decay during fuel fabrication steps is not estimated.
From fuel fab tr | Isotope parameter and | Simplified decay tool | Fuel is fabricated on a
to reactor decay tool as-needed basis,
insignificant isotope
decay
Input and output given by adjusted output recipe | Input and output given
by unadjusted output
Output actinides given by Mr.Tau depletion recipe (for now)
Reactor calculation. For now, FP,4; = FPyadiusted T FPinput-
Soon, add lumped FP to expanded Mr.Tau.
Isotope decay in reactor is accounted for in the physics calc.
From separation tsw | Isotope parameter and | Simplified decay tool | Waste fabrication is
to waste fabrication decay tool assumed to occur
immediately after
separation, with
insignificant isotope
decay.
Waste Parameters for time into the future calculated by Isotope Parameter and
characteristics Decay Tool x inventory (e.g., radiootoxicity at 1000 years into the future).
Values for progeny must be kept with parent.

3.3 Separation

The first separations module developed with input from Separations Campaign allows the user to choose
the separations process (UREX+1a, AIROX, COEX, NUEX).
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3.3.1  Separation Streams

The input fuel is separated into the 14 separation streams in Table 3-2 based on split factors for the
chosen separations process. Table 3-1 is intended to reflect the generic types of mass flows from
separation or fuel fabrication. Thus, there must be sufficient flexibility to account for all mass that comes
into or goes out of separation, fuel fabrication, or reactor modules in FIT. Each of these streams includes
the full list of 81 possible radionuclides from the input fuel.

Table 3-2. Separation Streams

Separation streams

Comment

Fuel

If fresh, fuel after fabrication and before reactor insertion.
If used, fuel removed from a reactor before either
mechanical or chemical separation

Segregated metal hardware

Segregated nonmetal hardware

Fuel assembly structure, in-core structure, moderator
blocks, etc., mechanically removed from fuel before
chemical separation. The implication is that such material
has no direct fuel contamination. Examples include non-
fuel zones of fast reactor fuel and graphite moderator
blocks in High-Temperature Gas-Cooled Reactor
(HTGR).

Metal cladding/coating

Nonmetal cladding/coating

Fuel cladding (e.g., steel for FR, Zr for LWR) or coating
(e.g., SiC clad for LWR, TRISO for HTGR) not removed
before chemical separation.

Depleted uranium (DU)

A possible input stream to fuel fabrication

Recovered uranium (RU)

RU can go into fuel fabrication, indefinite storage, and/or
waste disposition

U-TRU Productl

Recovered TRU, possibly with some RU co-recovered

U-TRU Product2

Optional second stream with TRU (i.e., minor actinides if
separated from Pu, possibly with some RU co-recovered)

Captured gaseous isotopes

H-3, C-14, Kr-85, other noble gases, [-129, other halogen
gases that are captured, solidified, and disposed as waste

Effluents released to atmosphere

Fluids that are not captured from the facility (i.e., gases if
not captured)

Technetium Optional stream of Tc
Cs-Sr Optional stream of Cs, Sr, Rb, and Ba isotopes
Lanthanides Optional stream of La thru Lu (plus Y)

Undissolved solids (UDS)

Raffinate/residual process fluids

Any collection of separated material that does not fit into
the above categories

Spent solvents

Acids, salts, etc.

Operational wastes

Filters, booties, etc.

3.3.2 Separation Mass Flow Submodel

Separation is modeled in FIT by a matrix. The rows are the various isotopes and chemical groups. The
columns are the resulting streams, including both fuel products (TRU-U and recovered uranium) and
various waste streams. The sum of the values in each row must equal 100% so that no mass is lost.
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A fundamental assumption is that these separation percentages are constant as the composition varies.
For example, the fraction of lanthanides that go into TRU-U is the same regardless of how high the
incoming lanthanide fraction might be.

Where no data exist in a chemical group, we used the values for other elements in the same chemical
group.

Some source documents indicate ~100% or ~0% removal or retention. For our purposes, we did not
believe it appropriate or realistic to use 100% and 0%. We made a team decision that 100% would be

replaced with 99.9% and 0.1% respectively. This is sufficient for a first analysis of the various cases and
the results indicate where improved values would have value.

3.4 Fabrication
3.41 Metallic Fuel Fabrication

Fabrication of metallic nuclear fuel for transmutation applications was developed in the 1960s and 1970s
to produce a product that could be irradiated to high heavy metal burnup. It was also demonstrated at the
Experimental Breeder Reactor—II (EBR-II) that the fuel could be separated and re-fabricated in a hot cell
and reused in the reactor, with the recycled fuel performance to the same reactor specifications as the
original cold-fabricated fuel. Future fuel fabrication of this type of metal fuel would incorporate process
improvements designed to simplify the fabrication processing and minimize waste generation from the
process.

The essential process uses metal feedstock to make U-TRU-Zr metallic fuel slugs using an induction
melting technique with either injection or bottom casting. The TRU feedstock is provided by either
aqueous or pyrochemical processing of spent LWR fuel and consists of plutonium, americium,
neptunium, and curium, and also comes from recycled U-TRU-Zr materials (casting heels, fuel slug end
crops, out-of-dimension fuel slugs, etc.).

After casting into molds, fuel slugs are cooled, demolded and sheared to length to produce the basic
metallic fuel. These slugs are stacked in a cladding jacket containing bond sodium, the jacket is seal
welded, and then the jacket is heated to melt the sodium and settle the bond sodium. The nearly finished
fuel rod is then treated to ensure that a good thermal bond is created between fuel, the bond sodium, and
the cladding. The fuel is intentionally smaller in diameter than the inner diameter of the cladding to allow
for fuel swelling, and the bond sodium is therefore required to transfer heat produced in the fuel to the
cladding/reactor coolant.

The fabrication process is relatively simple, and high yields can routinely be achieved. Recycle of most
scrap materials is done internally with return to the melting operation.

The high vapor pressure of americium would cause significant americium losses if casting melts were
held at high temperature for long periods in an open casting process. For this reason a process
modification to a pressurized casting system, with bottom tapping furnaces is being developed for future
processes.

3.4.2 Oxide Fuel Fabrication

Currently, mixed oxide (MOX) fuel is made by mixing plutonium oxide and uranium oxide, pressing the
powder into pellets, then sintering to final density. MOX fuel demonstration programs began in the U.S.
and Europe in the 1960s with the Fast Flux Test Facility (FFTF) reactor in the U.S. irradiating more than
63,000 MOX pins. By the mid-1970s, the U.S. nuclear industry was ready to implement a large-scale
MOX utilization program. Events at the time altered the direction of the nuclear industry in the US;
however, Europe and Asia continued to develop MOX fuel programs, which dominate the fast reactor
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market today with fuel produced for the SNR-300 reactor in Germany, the Phénix and Super-Phénix
reactors in France, and others in Russia and Japan.

The U.S. MOX fuel fabrication process is derived from the processes used to fabricate LWR (thermal)
MOX fuel rods in Europe. Hundreds of metric tons of MOX fuel have been fabricated and irradiated in
Europe. The fabrication process used in Europe by the French and Belgians is known as the MIMAS
(Micronization Master Blend) process. The process enables a sintered material recycle stream (~11%)
within the process that helps stabilize process parameters and results in a very high material yield (>99%)
to final fuel pellets. The process for fabrication of transuranic-bearing MOX (TRUMOX) fuel for fast
reactors is expected to be similar but complicated by the need for remote fabrication operations.

The process begins with an oxide TRU feedstock, which will come from separations of used LWR fuel.
The first chemical step is adjusting the feedstock oxygen to metal ratio to 2.0. The powder is then
prepared into fuel pellets using traditional ceramic processing techniques. The primary steps in the pellet
fabrication are powder milling/mixing, slugging, pressing, binder burn-out, sintering, and pellet grinding.

3.4.3 Fabrication Mass Flow Submodel

The TRU product stream passes into the either the metal fuel fabrication module or oxide fuel fabrication
module developed with Fuels Campaign input. The modules are fuel mass balance that calculates the
inputs and outputs of every unit process connected with fuel fabrication.

The steady state calculated mass balance being used for the metal fuel process in the FIT model calculates
fuel fabrication product, recovery, and waste outputs on the basis of fuel materials, requirements, and
components input to the system. The mass balance allows fuel fabrication to be handled as a black box in
the overall fuel cycle when evaluating changes external to the fuel process. The balance, however, also
has a full set of internally adjustable rate functions for dealing with rejects, recycle, recovery, and waste
generation. These internal functions may be modified if desired to calculate how changes within the fuel
process can alter the external modules of the fuel cycle.

Figure 3-6 shows the summary sheet of the mass balance of what the user sees as inputs and outputs from
this model.
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Mass Balance Usage Instructions:
1. Use Inputs worksheet to enter user data (Cyan fields):
A. Batch size to be calculated by the spreadsheet
B. Desired fuel composition
C. Expected reject rates for unit processes
D. Percentage of isotopes in input material

2. Set alloy composition, slug size, and fuel rod inputs on Process

worksheet as needed.

3. Assumptions on flow of reject materials are reflected in equations. The

egualions may be changed as needed when data becomes available.

Initial Isotope Input (g 874,745

NOTES:

1. Mass balance calculates steady state material flow with recycle,
recovery, and QC streams filled from previous batches.
The efficiency of the process prior to reaching steady state will be much
lower because of the lack of scrap stream inputs.

2. Co-processing of multiple isotopes is assumed. Verification of the

feasihilig of Eerforming such co—Erocessing has not been assured.

FUEL PROCESS GAINS

Steady State Process Efficienc | 94.80%)

Fuel Input to the Process Line (g) 871,124
Fuel Additions From Recycle (g) 591,736
Fuel Additions from Recovery (g) o
Fuel Ad(wons from QC Testing (g) 2,352
FUEL SCRAP STREAMS

Total Fuel to Recycle (g) 592,201

Fuel Materials to Recovery (g) 34,411

Total Isotope to Recovery (g) 29,164

Total Fuel to QC Testin:

2,984

FUEL WASTES
From Feed
Fuel Container Waste (g) 134
Isotope Container Waste (g) 122

From Process

Fuel Container Waste (g) 15,851
Isotope Container Waste (g) 14,152
Fuel HEPA Filter Waste (g) 313

Isotope HEPA Waste (g) 280

From QC Testing
Fuel Container Waste (g)
Isotope Container Waste (g)

Fuel HEPA Filter Waste (g) o
Isotope HEPA Filter Waste (g)

FUEL COMPOSITION ADDITIVE USAGE
Uranium 54.22% Feed Preparation
Plutonium 23.64% HF (g) 311,997
i 1.37% Mg (g) 189,509
Americium 2.53% Process
Curium 0.11% Zr (g) 104,558
Zirconium + Impurities 18.13% Fuel Rods (g) 367,611
PRODUCT OUTPUTS Weld Rods (g) 507
Net Grams Fuel Output (g) 928,781 End Fittings (g) 26,347
Net Grams Isotope Output (g) 829,231 Na (g) 21,066
Number of Fuel Slugs 10,135 QC Test
Number of Finished Fuel Rods 2,534 HCI (g) 2,307
FUEL INPUT Water (g) o
Initial Fuel Oxide Input (g) 1,000,000 He (g) 0

Figure 3-6. Screen capture of fabrication mass flow submodel summary sheet.

The following model assumptions are applicable to both metal and oxide fuel modules.

e Helium gas generated during storage of separated TRU products, is “removed” during feed

conditioning therefore does not carry through fuel fabrication.

e TRU inputs to fuel fabrication will come from commercial and fast reactor separations facilities.
The required feed composition for fuel fabrication will be specified by the downstream reactor
and achieved by blending TRU separations products with separated and/or virgin depleted
uranium with their associated impurity contents.

e In general, impurities >0.3 mol% are specifically called out in the mass balance. Remaining
impurities are totaled and included as other.

e Lanthanides at any concentration are tracked due to their high potential impact on fuel

performance.

e  Molybdenum-ruthenium-rhodium were grouped together as one category since they are
chemically similar and make up a significant portion of the impurities entering the fuels

processes.

e Reject rates for various steps in the fabrication process were “assumed” based on general
fabrication knowledge. These rates can be updated as additional data becomes available, or
arbitrarily varied to see the impact of reject rates on the overall fuel cycle. Additionally, the
disposition of rejects as scrap recycle, scrap for recovery, or waste was also assumed, and can be

changed.



Losses Study
September 15, 2010 77

e For the mass balance the recycle and recovery streams are considered continuous/steady state.

e TRU impurities, other than helium, are currently assumed to pass through the fuel fabrication
process and become part of the final fuel form. Additional technical work is needed to before the
model can be adjusted to show disproportionate losses of impurities during specific processes
such as oxide dissolution/precipitation in feed conditioning, and melting/casting or oxide
sintering in fabrication.

e TRU impurity levels are not currently tied to fuel reject rates by process; although it is known
that excessive quantities of certain impurities will cause changes and higher reject rates in some
fuel fabrication processes. Additional technical work is needed to quantify the threshold
concentrations of impurities required to adversely affect process performance.

e Only grams of fuel waste were tracked, additional contaminated waste streams such as crucibles
and high efficiency particular air (HEPA) filters were not tracked.

The following assumptions were made specific to oxide fuel fabrication.

e Assumed that separations were carried out at a separate facility location, then stored and
Department of Transportation (DOT) shipped to the fuel facility for fabrication. This approach
forces implementation of DOE-Standard (STD)-3013, “Stabilization, Packaging, and Storage of
Plutonium-Bearing Materials,” the shipping and storage requirements for TRU product. Therefore
dissolution, precipitation, and reduction of feedstock are required for initial fuel feed conditioning
to provide a usable TRU input material. This feed conditioning sequence is expected to have a
significant TRU reject rate to recovery or waste for undissolved solids. If separations occurred on
the same facility site and could be relatively close coupled with fuel fabrication, implementation
of the STD-3013 requirements could be relaxed and the dissolution/precipitation/reduction steps
with associated TRU losses could be eliminated.

e Oxide fuel scrap recovery is essentially a miniature separations capability within the fuel
fabrication facility for dealing with scrap materials that are chemically or isotopically out of
specification. Collocation of separations and fuels facilities may allow direct return of these scrap
materials to the separations facility where the most appropriate processes and equipment are
already available to complete the recovery. This would simplify the fuel facility and should
reduce overall fuel cycle costs.

The following assumptions were made specific to metal fuel fabrication.

e Assumed direct oxide reduction for feed preparation. If material could be provided from
separations in metallic form, this reduction step and associated waste/losses could be eliminated.

344 Future Additions to Fuel Fabrication Modules

Currently the impurity content of the feed material passes directly through the fabrication module without
impacting reject rates. However, impurities in feed streams may significantly impact reject rates for
certain processes if threshold concentrations are reached. Technical work on fuel fabrication will
eventually allow insertion of mathematical functions showing differential loss of impurities in certain fuel
processes and correlating impurity levels with fuel reject/waste rates. Increasing the level of impurities
adversely impacts the efficiency at which both metal and oxide fuels can be produced; and above some
threshold concentration may make fabrication of acceptable fuel impractical.

Future work will also develop improved methods to incorporate production cost throughout the
fabrication model to determine how much extra cost would be incurred if reject rates increase (for any
reason, including increased impurity content).
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3.5

Reactor

Figure 3-7 shows the various functions of the reactor module, as follows:

1.
2.

Iteration loop control

Reactor pick list. Select a set of baseline fuel parameters from a library of options—fuel residence
time, input/output composition, burnup, etc.

Fuel composition adjustment and blending (winery). Provide instruction to the fuel fabrication
module on how the baseline composition changes based on how parameters in the analysis differ
from those in the selected library case (e.g., more impurities), in particular how to change the
TRU:uranium ratio to account for impurities (library cases generally have no impurities) or
more/less aging of perishable fuel isotopes. Initial approach is to keep k-effective constant by
changing TRU-U (or U-235/uranium if enriched uranium fuel).

Output composition. Provide the output composition to the separation module. Initial approach
has two parts. The output fission products are the input fission products (from fabrication) plus
those generated by fission (from the baseline output composition for pure feedstock). The output
actinides are generated with the Mr. Tau depletion tool (Bays 2010).

Isotope decay. Perform decay calculations in multiple parts of FIT for time periods up to a few
centuries to account for possible storage of active materials.

Parameters. Provide parameters describing heat, radiotoxicity, etc., for mixtures of isotopes in
various parts of the FIT model.

|
| .
| choice

Bazsline fuel residence time,

NU, EU, RU, |I‘Iput-"DElutput mr;posiﬁon,
and/or DU *p '

Keep k-eff constant by

aaia changing TRU/U or
U235/ from recipe
Cutput FF = input FP
Incoming Fresh fuel > + recipe FP Buffer Separations
recovered TRU » fabrication Output TRU+L = Mr. | Storage

T Tau on input TRU+L
Parameters to 1e6 Decay lite
yr (informs (informs multiple
multiple parts of parts of FIT)
FIT)
able Simplified version

| Isotope parameter+decay tool |

Figure 3-7. Functions of the reactor module.
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3.51 Iteration Loops
Figure 3-8 shows a more accurate version of the mass flows. In particular, note the following:
e Each separation facility can product TRU-U, RU, and waste streams.
e The fabrication facility can blend one or both TRU-U, one or both RU, enriched uranium (EU),

and/or DU.
e All of the above except EU and DU are assumed to have impurities.
EU or DU
{assume no
impurities)

TRU-U ¢
product

Incoming Separation | -
used fuel  — 1 T Fabrication se——) Reactor
product T _
TRU-U l
RdU ¢ product S "
produe eparation
RU storage ref=—a — ;
product I
Waste
—> forms <
Waste
disposition

Figure 3-8. Mass flows showing possible feeds into fuel fabrication.

A top-level assumption is that there are only two ways to adjust the reactivity of fuel during a calculation:
e Adjust the TRU:uranium ratio
e Adjust uranium enrichment (not implemented in FIT 1.0).

If a given calculation provides unsatisfactory results, the user can change the separation efficiencies to
either reduce the level of impurities or shift uranium from the TRU-U product to uranium products.

Figure 3-8 show not show information feedback loops that can cause iterations in the calculation. These
are as follows:

e The impurities in each of the feed streams impacts the reactivity of the product, thereby changing
the TRU:uranium ratio and/or required uranium enrichment in the fuel.

e The anticipated delay time between fuel fabrication and use changes the TRU:uranium ratio
and/or required uranium enrichment in the fuel.
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e Uranium in the fuel can come from six sources: uranium in the two TRU-U products, uranium in
the two RU products, EU, or DU. The isotopic mix among them varies, which in turn changes the
TRU:uranium ratio and/or required uranium enrichment in the fuel.

e TRU in the fuel can come from four sources: the two TRU-U products and possibly a small
amount in the two RU products.

e The amount of TRU-U that is available plus the TRU:uranium ratio determines how much fuel
can be made for the reactor in the recycling loop. This in turn changes the ratio of the amount of
incoming fuel to the number of reactors in the recycling loop.

Basically, many parameters must be known to calculate the reactivity of the overall fuel mix, and
therefore know the proper TRU:uranium ratio. But, the TRU:uranium ratio must be known to calculate
whether the supply of RU-1 or RU-2 is adequate to meet the uranium needs (if the user chooses that
option) or the isotopic mix of the blended material.

FIT 1.0 makes the following simplifications, mostly to avoid iteration loops in FIT 1.0.
e Enriched uranium is not an option; it is not needed for any of the use cases described in Section 1.
e Breeder reactors are not considered.
e Thorium fuel cycles are not considered.

e The delay time from fuel fabrication to reactor is not considered; we assume fuel is made only
when ready for use.

e There are three options for how RU and DU is used:

1. Use available RU-1 until exhausted, then RU-2, then use DU (At present, this option only
works in the simplified form of using RU-1 without regard for how much RU-1 is
available. This is not a problem for the cases studied to date because all burner fast
reactor cases have more RU-1 than they need. This would be a problem for breeder
reactors.

2. Use available RU-2 until exhausted, then RU-1, then use DU (At present, this option only
works in the simplified form of using RU-2 without regard for how much RU-2 is
available. Like the previous case, this is not a problem for the cases studied to date.

3. Use DU; RU is put into storage.

e The flow rate of incoming fuel is kept constant. Therefore, the number of reactors in the recycling
loop that can be supplied from the combination of incoming fuel plus recycling fuel will vary. (If
instead the number of recycling reactors is kept constant, then there is a feedback loop between
the amount of incoming fuel and the TRU:uranium ratio.)

Even with these simplifications, there are two iteration loops.

The inner iteration loop approximates the appropriate required dilution of TRU-U product by one or
more sources of uranium so that the fuel to be made matches user specifications as adjusted for the
available feedstock. This involves only the interplay between fabrication, reactor, and the then-estimated
feeds into fabrication.

The outer iteration loop is an iteration of the fabrication-reactor-separation loop. Perhaps this gets easier
if we begin to consider this a physical iteration, as opposed to only a numerical convergence iteration.
Recycle Pass 1 is the initial feedstock through Separation 1, with nothing coming back from Separation 2
(yet). Recycle Pass 2 is the first time there are both feed streams.
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Figure 3-9 shows these iterations in more detail. If impurities accumulate in the fuel, the required
TRU:uranium ratio will increase (assuming the reactivity of TRU is higher than that of RU or DU). As
long as the TRU reactivity is sufficient to overcome the impurities drag on the system, the model will
request RU or DU to dilute the reactivity of the fuel to match that of the initial requested recipe. However,
eventually, the required RU/DU could go negative (i.e., the TRU-U streams are no longer adequate to
provide fuel reactivity). In this case, the simulation must stop.

ser selects which
types of uranium are used
to mix with the two TRU-U
products: DU, RU-1, RU-2.

User selects which
reactorffuel case torun >
desired input/foutput recipe,
time in reactor, burnup

.

Future versions of FIT will S
also allow EU. : ." {hence fuel flow)
vy
TRUMM ratio iterations DU

0 = desired recipe
1 = adjust assuming the actinide mix and impurities from TRU-U-1 + (.assun."lfe S
TRIU-U-Z {no uranium diluation, no TRU-U unused) |mpu[ltles)
2 = adjust assuming the actinide mix and impurities from TRU-U-1 +
TRU-U-2 + the U selected for dilution, at the TRUMM ratio from the

FIT 1.0 will not constrain impurities on the basis
of working Fuel Campaign limits. Exceeding
those limits would lead to reduced fuel lifetime,
higher reject rate, and/or need for tech fixes and
changes (new fuel forms, fuel/clad barriers, etc )

~a

B LT LT T
.- .

1** adjustment. "
Second adjustment is used in the outer iteration loop ‘: X
TRU-U -
= " product ¥ I
eparation | . . o
—l P 1 Fabrication s—— Reactor
RU
product 1
TRU-U
pr?c'itct product s H
Y eparation
RU storage |4 — 5
product

If required U dilution goes negative, the TRU-U-1 & TRU-U-2 products are too weak for the
selected reactorfuel case andior the impurities. Stop program execution. User must ..
Change the ratio of reactors to the stream coming into separation-1

Change the reactorffuel case, e.q., higher TRU CR

Change the separation matrices to put less of the U into TRU-U and more into RU.

Change the separation matrices to increase the purity of the fuel products.

(I future versions, allow EU instead of RU or D)

Figure 3-9. Iteration loops

Consider the following example. The fuel coming into Separation 1 is used UOX-51 fuel. The recycling
reactor is a fast reactor with transuranic conversion ratio <1. Both separation processes only remove
fission products; in both cases all the uranium is kept with the TRU. That is, RU-1 and RU-2 are both
zero. This case cannot work and simulation would stop at the first attempt to blend feedstocks.

When this problem is reached, the user must:
e Change the reactor/fuel case (i.e., higher transuranic conversion ratio)

e Change the separation matrices to put less of the uranium into the TRU-U product and more into
RU product.

e Change the separation matrices to increase the purity of the fuel products (which would not work
in the above example)
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e In future FIT versions, allow EU (or higher EU) instead of RU or DU.

Consider the box with “TRU:HM ratio iterations.” The first and second adjustments are done with one
part of MrTau-Winery, thereby replacing the fixed TRU/heavy metal (HM) parameter in the current
“fuel fab” modules in FIT.

For the outer iteration loop (except for the first iteration), we need to know the output composition
corresponding to the adjusted (not the desired) input composition. The adjusted output composition is to
be assembled as follows. The output actinides = the MrTau-Winery calculating using the actinide mix of
TRU-U-1 plus TRU-U-2 plus whatever uranium has been used for dilution. The output impurities = the
input impurities + the fission products from the original desired recipe.

Consider the box at the bottom with the phrase “If required U dilution goes negative.” This means that the
combination of products TRU-U-1, TRU-U-2, and their impurities has become so weak (neutronically)
for the current outer loop iteration (recycle pass N), that it is not possible to make fuel for the current
outer loop iteration. That is, with the various settings for reactor/fuel case, separation matrices, ratio of
“reactor” to incoming stream, we cannot go more than N-1 recycles. Note that each recycle pass (for non-
breeder reactors) the actinide mix gets weaker and the impurities get stronger, so for many sets of input
parameters, the system will stop before it gets to equilibrium.

3.5.2 Reactor Pick List Submodel

This part of FIT will enable a user to select a reactor-fuel baseline case from among those in the system
analysis transmutation data library (Piet 2010). Selection of a case determines the baseline input/output
fuel composition mass fractions, fuel residence time (years), burnup (MWth-day/kg-iHM), and thermal
efficiency.

3.5.3 Fuel Composition Adjustment and Blending (Winery) Submodel

The baseline or unperturbed input/output composition is selected by the user. Virtually all the
input/output compositions in the current system analysis transmutation data library are based on no
impurities in the input fuel and with relatively short decay time between separation and fuel fabrication
prior to insertion into a reactor. As impurities become significant or decay times increase, the value of the
fuel material decreases. So, for TRU-based fuels, the TRU:uranium ratio must be increased. For enriched
uranium fuels, the U-235 enrichment must be increased. This module will implement the methods
described elsewhere (Bays 2009).

The Transmutation Library has dozens of input/output composition recipes (sets of mass fractions) for
various cases. Nonetheless, FIT requires two types of adjustments to these fixed recipes in the course of
calculations: actinide mix and impurities.

The mix of actinides that are available in recycling strategies does not exactly match the actinide mix in
fixed reactor physics calculations unless all the relevant parameters exactly match—reactor design of the
source material for recycling, reactor parameters (burnup, fuel residence time, etc.) of the source material,
decay time between reactor discharge and separation, separation efficiencies of each of the actinide
elements, and decay time between separation and new fuel insertion into recycling reactor. Indeed, the
last three of these parameters are designed to be variable within FIT, and therefore a way is required to
adjust the required input composition accordingly. That is, FIT changes the available actinide isotope mix
as reactor-separation and separation-reactor decay times change as well as the actinide chemical mix as
the separation matrices change.

Essentially none of the existing recipes in the Transmutation Library have impurities in the input
compositions, whereas all the FIT cases have non-zero impurities.
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In these application areas, there are so many relevant reactor conditions that it is not practical to perform

detailed reactor physics calculations for each set of conditions. Instead, we have developed methods to

adjust the input and output fuel composition (“recipes”) of previous detailed calculations according to the
perturbation in question. Results from previous calculations are assembled in the Transmutation Library

(Piet 2010).

Assumptions

e 1-group cross sections are used.

e Time-dependent parameters such as cross sections and heat are given by the sum of constant
coefficients times the inventory of each “tracked” isotope. Appendix C, “Equations for Time-

Dependent Parameters,” gives the basic equations. Appendix D, “Approach to Calculate Cross

Sections,” explains how the cross sections for mixes of isotopes are calculated. Appendix E,
“Justification for Time-Independent Cross Sections,” provides the justification for the cross

sections being time independent.

Two 1-group adjustment methods were described last year (Bays 2009). The situation in FIT is more
complicated than the sum of these, as summarized in Table 3-3.

Table 3-3. 1-group blending and adjustment methods.

(In future, EU)

The isotopic mix of
each stream can differ
from that of the initial
target recipe.

The ratio of TRU+U-1 and
TRU+U-2 is determined by
mass flows with the rate of
incoming TRU+U-1 held
constant

What is blended What is held constant What can be adjusted?
TRU/Uranium | TRU stream Uranium enrichment TRU:uranium ratio
adjustment Uranium stream No impurities in either
(Bays 2009) The isotopic mix of TRU or uranium
both streams differs
from that of the initial
targeted recipe.
Fission TRU stream Isotopic mix in TRU and TRU:uranium ratio
product Uranium stream uranium, respectively
impurities Impurities
(Bays 2009)
Losses Study | TRU+U-1 Each of these can have TRU:uranium ratio
TRU+U-2 TRU, uranium, and
RU-1 impurities; those are not (In future, uranium
RU-2 under user control. enrichment)
DU

The order of using uranium
sources

1 = RU-1, RU-2, then DU
2 =RU-2, RU-1, then DU
3=DU

FIT uses the following method.

The baseline or unperturbed input/output composition is selected by the user. Virtually all the
input/output compositions in the current system analysis transmutation data library are based on no

impurities in the input fuel and with relatively short decay time between separation and fuel fabrication

prior to insertion into a reactor. As impurities become significant or decay times increase, the value of the
fuel material decreases. So, for TRU-based fuels, the TRU:uranium ratio must be increased. For enriched
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uranium fuels, the U-235 enrichment must be increased. U-enrichment is not implemented in FIT 1.0 as
it was not necessary for the use cases we targeted for analysis.

Next we explain how FIT makes the adjustment of the TRU:U ratio. Start with defining the following
four types of compositions.

Initial Composition The input/output composition recipes corresponding to the case being simulated
(e.g., uranium oxide at 51 GW-day/tonne-HM burnup (UOX-51) or metal fast
reactor fuel for TRU conversation ratio = 0.50 based on 5-year old feed from
UOX-51).

Available Composition The input composition available in the simulation.

Adjusted Composition  The input/output composition resulting from the winery adjustment methods
described below. During the time period that the adjusted composition is in
force, it is used in the simulation as a replacement to the initial composition.
Initially, the plan is for the input and output compositions to be adjusted every 5
years, in conjunction with changes to the initial recipes.

The objective is to adjust the “available composition” so that the “adjusted composition” has the same k-
effective or reactivity worth as an “initial composition” that was calculated by standard reactor physics
methods. The adjustment accounts for changes in uranium and/or transuranic isotope mix in the
“available composition” relative to the “initial composition” by modifying the TRU:uranium ratio so that
the reactivity worth or k-effective of the “adjusted composition” matches the “initial composition.”

To derive the relevant equations, define the following parameters:

A is Avagodro’s constant (0.6022 x 10** atoms/mole)

F, is the fraction of fission products in the fuel composition
I, is the fraction of uranium in the fuel composition

Fy 1s the fraction of transuranic elements in the fuel composition

@ is the neutron flux (neutrons/cm;-s)

k is the effective criticality ratio, taken here to refer to fuel itself (actinides plus impurities)
m; is the mass fraction of each isotope (g-isotope/g-total)

M; is the atomic mass (g/mole)

v is the average number of neutrons per fission (neutrons/fission)

o, is the 1-group absorption cross section for a composition = & to,, t0,,,T0,

n, fission a

. . . .. . 24 2
o is the 1-group fission cross section for a composition (fissions/neutron x 10" cm”)

n, fission

o, 1s the 1-group neutron capture (n,y) cross section (sometimes called o.) for a composition

o is the 1-group neutron multiplication (n,2n) cross section for a composition

n,2n

o, is the 1-group (n,a) cross section for a composition

n,a

We define the mass fractions such that:
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F,+Fopy +Fop =1

Eq. 1
Z my, =1 Eq.2
U isotopes
meu =1 Eq.3
TRU isotopes
Zm =1 Eq. 4
FP isotopes
The rate of absorption of neutrons is given by:
0.6022 ZV o, m, ® A/ M, neutrons/second Eq.5
isotopes
The production of neutrons is given by:
0.6022 Z(V O\ ission T O n2n)M; © A/ M neutrons/second Eq. 6
isotopes
Therefore, the value of k is approximated in 1-group theory by
Z 06022 (V Un, ission + an,2n ) mi CD A / Mi Z (V Jn, ission + an,2n ) mi / Mi
k — isotopes — isotopes
2060220, m, ® A/ M, > o,miM,
isotopes isotopes Eq 7

Since (n,2n) reactions are a small fraction of the total neutron source and impurities do not fission, we
obtain the expression as follows:

m m
U TRU
FU Z Vo-n,ﬁssion M + FTRU z Vo-n, ission

k _ U isotopes U TRU isotopes M TRU
m m m
FU Zo-a - + FTRU zaa — + FFP Zo-a -
M M
U isotopes U TRU isotopes TRU FP isotopes FP E q 8

For the initial recipe, all parameters are known and we can calculate k. That is, use Equation 8 to calculate
k for the initial known recipe. Generally, fraction of fission products (FFP) is zero for known recipes.

For the adjusted recipe, two things can change: the amount of fission products (or other impurities) and/or
the mix among actinide isotopes. Instead of zero fission products in initial fuel, we assume some known
fission products. Instead of the pre-determined mix among actinides, we have some mix calculated by
FIT.

Thus, to determine the composition of the adjusted recipe, we assume neither k nor ¢ change. We know
the FFP and the associated mass fractions of fission products. The adjusted mass fractions m; among TRU
and among uranium are set equal to the available source material, this means we assume there is no
change in isotopic mix from available to adjusted recipe—we use what we have. (For cases involving
enriched uranium, we can relax this assumption and assume the U-235/U-238 ratio is under our control.)

We are left with two equations, 1 and 8, in two unknowns: FU and FTRU. (If instead uranium enrichment
is to be used, we instead solve for my.»35 and my_p3s.)

Substituting Fy, =1~ F,,,, — F}p, and a bit of algebra, we obtain:
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m m
(1 - FFP){ Z (_V Gn,ﬁssion + ko—a) MU } + FFP Zko-a -
U isotopes U FP isotopes FP
Frry =
m m
Z (_Vo-n fission + kaa) v + Z(V(Tn fission — ko—a) 1o
isotopes o M TRU isotopes ) MTRU
U tsotep v ” Eq.9
This is equivalent to Equation 4-28 of Bays 2009 if Fyp is zero. We can instead obtain:
m m
(1 - FFP){ Z (V O-n,fission - ko—a) MTRU } - FFP Zko-a MFP
TRU isotopes TRU FP isotopes FP
F, =
m m
z (_Vo-n fission + kaa) - + Z(Vo-n fission ko—a) —
isotopes o M TRU isotopes o MTRU
U isotope: U sotopes Eq 10

This is equivalent to Equation 4-29 of Bays 2009 if Fp is zero.
Finally, we note that adding Equations 9 and 10, we obtain 1-Fyp as we should.
So, the procedure is:
Step 1, calculate & for the initial known recipe using Equation 8.
Step 2, calculate Frgy for the adjusted recipe using Equation 9.
Step 3, calculate F, for the adjusted recipe using Equation 1.
3.5.4 Output Composition Submodel

Once the input composition has been adjusted, the output composition in FIT 1.0 is assembled from three
pieces. In the future, all of these steps will be within MrTau.

e Actinide output is calculated by MrTau (Bays 2009).

e Fission products and impurities in the input fuel are passed into the output fuel composition,
unchanged.

e In the current version of MrTau, the mass difference (input — output) represents the mass of
fission products created.

3.5.5 Isotope Decay Submodel

Storage between process steps (reactor, separations, fuel fabrication, waste treatment, waste disposition)
is modeled by calculating decay and in-growth for the desired storage time. The decay calculation is
simplified using some assumptions (e.g., assuming nuclides with >4,000 year half-life as stable). This
simplified version is based on a more elaborate spreadsheet created by S. Piet (Bays 2010).

3.5.6 Parameter Submodel

Apart from the estimation of composition change during a few hundred years of storage, to assess fuel
cycle options, it is also necessary to calculate various time-dependent parameters out to at least 1,000,000
years. For example, radiotoxicity is a relevant parameter from 1,000 years to at least 1,000,000 years.
There is now an isotope decay and parameter spreadsheet that calculates such parameters from 1 to 1e9
years for a given set of isotopes. This tool has linked with FIT, probably by being used to calculate a table
of time-dependent parameters for each chemical grouping for each baseline recipe required for the use
cases (Bays 2010).
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3.6 Waste Treatment and Disposition

The waste treatment and disposition modules are designed to accomplish the following:
e Receive the separated waste streams from the used fuel separations and fuel fabrication processes
e Convert the waste streams into waste forms for final disposition

e Track all masses of the waste streams and waste forms, and document the properties such as
waste loading and density for the waste forms

e (Eventually) document packaging of the waste forms into transportation, storage, and disposal
packages, and include transportation, storage (such as for isotope decay), and final disposal

e (Eventually) include estimates of costs and other factors relevant to waste treatment and
disposition.

Some limitations currently exist in the model that can be addressed in future versions:

e Front end wastes and wastes from other portions of the fuel cycle such as the reactor are not
included in the model. Including these potential waste streams in future versions of the model will
provide a more complete picture and better comparison of different fuel cycles that have different
ore mining, enrichment, and reactor scenarios.

e Waste disposition costs are not yet rigorously addressed, and they should be in future versions of
the model.

e Options for waste disposition vary widely for different objectives, and can change as the
Separations and Waste Form Campaign and Used Fuel Disposition Campaign research and
development progresses. The beauty of the FIT model is that updates can readily accommodate
changes and can be used to evaluate different waste disposition options.

e To some extent, we have included estimates of separations and fuel fabrication facility operations
and maintenance wastes, but we have not included operations and maintenance wastes for other
portions of a fuel cycle, such as for the reactor(s). Also, these waste streams have been included
without detailed and rigorous evaluations. Future versions of the FIT model may be able to
address these waste streams better.

e Perhaps the most significant limitation in the current FIT version is that the waste disposition
module presently ends with the treatment of the waste streams to convert those streams into waste
forms for disposition. The current model version does not include packaging the waste forms into
transportation, storage, or disposal containers; nor does it include long-term storage for such
purposes as isotopic decay; nor does it include final disposition of waste streams in any of several
possible disposal sites or scenarios. At this time, it seemed impractical to address these issues in
the development of FIT model that are being more thoroughly and logically addressed in the
Used Fuel Disposition Campaign.

Waste treatment includes the treatment and of all the output streams from separations, maintenance, that
are not reused, to convert those waste streams into presumed waste forms suitable for disposition. Waste
form options in the model at this time are based mainly on the current waste forms for waste streams
identified by this year’s Waste Form Campaign.

The model includes the capability to process the types of waste streams that evolve for different use cases.
Different use cases could eventually include a variety of possible separations and fuel fabrication
processes that result in a variety of different waste streams. These waste streams will require treatment
consistent with waste treatment technologies and processes used in the past, or included in Separations
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and Waste Form Campaign research and development studies. In some cases, the scope of these waste
streams is outside the scope of the focus of the Waste Form Campaign when they include waste streams
from new fuel cycle options or when they include waste streams from facility operations and
maintenance. In these cases, references used to base waste form selection, waste loading, and other waste
form properties, include studies performed under the Integrated Waste Management Strategy, the
Engineering Alternative Studies, the Follow-on Engineering Alternative Studies, and the Advanced Fuel
Cycle Facility designs. Some specific candidate waste treatment capabilities and variables that should be
included in the current or future versions FIT model are listed in the FIT Software Requirements
Document in Appendix B, “Software Requirements Document for FIT.”

4. RESULTS

This section provides the results of FIT analysis of several oxide and metal fuel cases. First, consider
Figure 4-1, which shows the basic infrastructure of FIT.
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Figure 4-1. FIT infrastructure showing the types of data and calculations involved.

All of the cases have the following characteristics. These are consistent with the cases we knew best, i.e.,

those we analyzed in FY 2009.

e There is a single incoming fuel, used UOX-51. Isotopic data from the Transmutation Library

(Piet2010).

e The recycle reactor is always a fast reactor with transuranic conversion ratio of 0.50. Isotopic
data from the Transmutation Library. (Future version of the model could include other types of

recycle reactors.)
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e The recycle fuels are either metal or oxide fuels. FIT does not limit the concentration of
impurities in the recycle fuel. The user must compare the output calculated compositions of the
recycle fuel to postulated fuel impurity limits to decide acceptability.

e Separation 1 is UREX+1. We also did calculations with AIROX and melt refining as Separation
1, but neither of these separation techniques are suitable even for a single recycle. The FR fuel
requires more fissile content than that provided by the remaining U235 concentration of 0.77 wt%
and the TRU concentration 1.3 wt% in used UOX-51 fuel. So, to make fuel with TRU content
greater than 1.3%, one must either remove uranium from the separated recycle stream, or add
fissile material from a separate source, not included in the model at this time. Neither AIROX
nor melt refining remove uranium from the separated recycle stream, and are therefore
unacceptable Separation 1 options for the model at this time.

e Separation 2 options were varied for different cases. We used electrochemical and melt refining
with metal fuel and UREX+1 and AIROX with oxide fuel. Essentially the separation matrix can
be anything the user wishes so that any separation option can be considered; the user directly
inputs what fraction of which chemical group goes into which type of waste stream.

4.1 Uranium

Figure 4-2 shows the fraction of recovered and depleted uranium (RU and DU) that is used in fast reactor
recycling at equilibrium for the cases tested thus far. In these cases, the RU is assumed to be used first,
and the DU is used only after the RU in making new recycle FR fuel. Another option would be to use DU
before RU. Either way, less than about 10% of the uranium is used until the CR exceeds about 0.9.

When the transuranic conversion ratio exceeds 1.0 (breeder reactors), all the DU and RU is eventually
used. In this case, the feed stream to the recycling loop does not have to be used UOX-51 fuel, it can be
any source of uranium. However, when the transuranic conversion ratio is less than 1.0 (burner or
converter reactors), there is excess DU and RU in the system. That is, at some point in the system, a
separation must occur so that excess DU and RU are removed. Of course, DU removal occurs at uranium
enrichment. RU removal must occur at either separation 1 or separation 2. For the first recycle, there is
no separation 2; the feed is solely from used UOX-51. Thus, separation 1 must be able to separate U from
TRU.
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Figure 4-2. Fraction of recovered and depleted uranium used at equilibrium in a system of used UOX-51
feeding recycling fast reactors.

As an example, at CR=0.75, only 4.2% of the uranium is used. Therefore, separation 1 must be able to
remove about 96% of the uranium from used UOX-51 fuel.

The current version of FIT only allows a single source of uranium to be used for a given recycle iteration.
We therefore performed calculations with two bounding uranium sources.

e DU feed means that all RU is put into storage. DU is used to dilute the recycle TRU-U streams to
the proper TRU:U ratio.

e RU feed means that no DU is used. RU-1 is used for the first recycle, which is the only option as
there is no RU-2. RU-2 is used for the second recycle. This is a simplification because one
would likely use a mixture of RU-2 and RU-1.

Finally, recall that U can be in the TRU-U stream, e.g., the U-TRU product stream from electrochemical
separations contains about 28% of the U, which is recycled with the separated TRU into new FR fuel. By
definition, only impurity levels of TRU are in RU streams. Therefore, the blending ratio of TRU-U
product to RU product is not the same as the TRU:U composition.

4.2 Additional Explanations That Help Clarify Results

The graphs below show composition as a function of the recycle number. Always recall that recycle 1
uses solely UOX-51 feedstock and therefore the fission product distributions of a thermal reactor, and one
dominated by fission of U-235 with some Pu-239. Recycles after the first iteration use a blend of feed
from UOX-51 (kept at a constant rate equal to the first recycle) plus whatever TRU has not been
consumed by the fast reactor in the previous iteration. Thus, recycles 2 and beyond have a mix of thermal
and fast reactor feedstock; the fast reactor feedstock is a mix of several TRU isotope fission yields.
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Therefore, even when the separation efficiencies of separation-1 and separation-2 are identical (as they
could be for a UREX+1/UREX+1 case), the fission product distribution can change with successive
recycles, especially from recycle 1 to recycle 2. At the level of detail of individual chemical elements, a
change of yield from thermal/U-235 to fast/TRU can often be noticeable in the graphs. A few examples
for the ratio of fission yield of Pu-239 in a FR U-235 in a thermal reactor include:

Mass 95 (key zirconium isotope) = 0.7

Mass 107 (key palladium isotope) = 22.1

Mass 113 (key cadmium isotope) = 9.0

Masses 139 to 148 (first several lanthanides) = 0.7 to 1.0
Masses 148 to 170 (minor lanthanides) = 1.0 to 1530.

The current treatment of two groups of transition metals was found to lead to significant uncertainties for
those elements.

The first group is Mo-Ru-Rh-Pd, which is considered a single mass (other than specific radioactive
isotopes Rul03 and Pd107). This group exists because these elements constrain the waste loading in
glass. These elements are grouped together because they tend to decay into each other so that the mass of
individual elements among these four varies more than the total of the four elements together.
Inadvertently, the Transmutation Library grouping lead to much of the FIT model continuing that
grouping, instead of dividing molybdenum from Ru-Rh-Pd. Even had that occurred, however, we see in
Section 2 that some of the chemical separation factors differ even among ruthenium, rhodium, and
palladium. Yes, in the separation matrices, a single value is assigned to all four elements.

For electrochemical separations, the best estimate separation factor for all four elements is the same, 1.5%
retained in the TRU-U product. For UREX+1, the combined value used for retention in TRU-U was
0.875%, but the value for palladium by itself is 14.545%, which was used for the specific isotope Pd107
but not for the fraction of mass of Pd within Mo-Ru-Rh-Pd-stable, which is about 20% of that mass in fast
reactors. The fractions at reactor shutdown of molybdenum, ruthenium, and rhodium are 35%, 34%, and
11% of Mo-Ru-Rh-Pd-stable. Thus, the estimates of composition for these elements must be considered
to have relatively high uncertainty, especially for the oxide fuel cases, but even for metal fuel because the
incoming TRU feedstock comes from UREX+1.

The second group is all the other transition metals. The dominant ones and their fraction of TM-other at
shutdown for fast reactors is Se (2.5%), Nb (1.4%), Ag (20%), Cd (13.6%), In (1.0%), Sn (6.4%), Sb
(2.1%), and Te (52.5%). Separation data for all of these elements are not available for any of the
separations technologies. In fact, we generally lack data for a majority of them.

The retention of these elements in the TRU-U product for electrochemical separations was set at 1.5% for
each of them. The retention of the generic TM-other in UREX+1 was set at 0.099%, but individual
elements vary with the outlier being tin (Sn), with 45% of Sn retained in recovered uranium and 18%
retained in the TRU-U product. The importance of tine is not known; there is no tin impurity limit for
either oxide or metal fuel.

These two sets of transition metal approximations should be re-examined in the future. However,
tracking individual elements will require re-examination of the effect of isotopes decaying from one of
these elements to another. That is, it would not be easy to go to the next level of chemical specificity.

4.3 Working Impurity Limits

The working limits of the Fuels Campaign for oxide and metal fuel were tabulated in last year’s report
(Shropshire2009). That report explained that the working limits were specified in terms of the required
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purity of TRU feedstock coming into the assumed fast reactor fuel fabrication facility. There were three
key assumptions:

e The TRU feed stream was only TRU.

e The uranium blended to make fuel was assumed chemically pure. Thus, the “DU feed”
calculations best match the underlying Fuels Campaign assumptions.

e The fast reactor had a TRU conversion ratio near 0.5. The conversion ratio determines the ratio
of TRU:U.

Since the uranium was assumed pure, the uranium had the function of diluting the impurities in TRU
feedstock. For our analyses, we wanted to consider impurities from other sources including uranium. We
therefore “worked backwards” to convert the TRU feedstock limits to fuel impurity limits. For metal fuel
at transuranic conversion ratio of 0.50, the pure fuel (no significant impurities) has 31% TRU and
therefore the fuel impurity limits are taken as 1/0.31 of the TRU feedstock. For oxide fuel at transuranic
conversion ratio of 0.50, the fuel is 33% TRU, so the fuel impurity limits are taken as 1/0.33 of the TRU
feedstock limits.

Many of the TRU feedstock limits pertain to elements that are not fission products and are therefore not
included in the current analysis. Working limits that do pertain to one or more fission products are listed
in Table 4-1.
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Table 4-1. Working limits for metal and oxide fuel impurities relevant to fission products.

2009 Fuel Campaign working limit for
TRU feedstock converted to FR oxide fuel

2009 Fuel Campaign working limit for TRU
feedstock converted to FR metal fuel limit

limit
Limit | Reason per Fuels Campaign Limit | Reason per Fuels Campaign
(ppm) | Our notes in italics. (ppm | Our notes in italics.
)
Group 1 462 Reactive metals that form No limit
alkali compounds oxides which can
metals melt or decompose at
(Rb, Cs) temperatures below the fuel
sintering temperature causing
issues in fabrication. This limit is
for Na and K, no limit given for
Rb and Cs.
Group 2 330 Tramp fission product. Carryover No limit
alkaline limited to minimize displacement
earth of fissile content. This limit is for
metals Sr.
(Sr, Ba)
Mo and 465 Transition metals form undesirable
others intermetallics in the fuel and affect
the total impurities displacing fissile
content. This limit applies to Al,
Cr, Mn, Fe, Ni, Zn, Mo; of these,
only Mo is a fission product.
However, we are aware of the
concept of adding Mo to the fuel
alloy, from which we infer that Mo
may not be limited to this value.
Mo, Ag, 660 Transition metals form No limit
and undesirable oxides in the fuel and
others affect the total impurities
displacing fissile content.
This limit is for Ti, V, Mn, Co,
Cu, Mo, Ag, Ta, W. Of these,
only Mo and Ag are fission
products.
Ru 330 Tramp fission product. Carryover No limit
limited to minimize displacement
of fissile content.
Cd See below. 200 | Limited carryover from
electrochemical separations
Cd, Sn, 145 Low melting point metals that none | See above.
and form oxides which decompose at
others temperatures below the fuel

sintering temperature causing
issues in fabrication. This limit is
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for Zn, Cd, Sn, Pb. Of these, only
Cd and Sn are fission products.”
Group 17 | 20 Halogens are restricted to prevent | 93 Halogens are restricted to prevent
halogens fuel cladding corrosion. This fuel cladding corrosion
(Br, I) limit is for F and Cl, no limit
given for fission products Br and
L.
Lan- 792 660 ppm - Elements form oxide 775 Concentrations of rare earth
thanides hydrates and oxides that make elements form low melting eutectics

control of O:M ratio difficult in
pellet sintering. This limit is for
La, Ce, Pr, Nd.
132 ppm - Restricted as thermal
neutron resonance absorbers
(poisons) This limit is for Sm, Eu,
Gd, Th, Dy.

with fuel cladding. Rare earth
feedstock impurities are more
detrimental to fuel due to their lack

of dispersion.

This limit is given for all

lanthanides.

a. It is important to recognize that limits can change for a host of reasons, including change of cladding
or change of fabrication temperatures. As an example of the latter, if fabricating a TRU fuel instead
of Pu or U fuel, it is important to recognize that the melting or decomposition temperature for three
of these elements (not lead) are above that for americium. So, if retaining the americium

successfully, we would presumably handle issues related to cadmium and tin.

4.4 Oxide Fuel Cases

Table 4-2 shows the oxide fuel cases performed to date. The fuel coming into the recycle loop is always
used UOX-51 fuel; the rate of incoming fuel is held constant. The reactor in the recycle loop is always a
fast reactor with transuranic conversion ratio of 0.50.

Table 4-2. Oxide fuel cases.

Case Number of | Source of Source of uranium | Separation of used | Separation of
recycles uranium for for recycle >1 UOX-51 fuel used FR fuel

recycle 1

Pure 20 RU from used RU from used FR | UREX+1 UREX+1

feeds UOX-51 (pure) | fuel (pure)

DU feed | 20 DU (pure) DU (pure) UREX+1 UREX+1

RU feed |20 RU from used RU from used FR | UREX+1 UREX+1
UOX-51 fuel

AIROX |3 RU from used RU from used UREX+1 AIROX
UOX-51 UOX-51

441 Actinides

Figure 4-3 shows the actinide composition for oxide fuel with pure feedstocks, no impurities. The RU
and DU cases have the same behavior as the pure feed stock case. The neptunium fraction slowly
decreases as there is a net consumption of Np237. By the 20™ recycle, the chemical composition of the
highest actinides, curium, berkelium, and californium, is about at equilibrium, also the isotopic mix (not

shown) is still evolving.



Losses Study
September 15, 2010 95

0.1

0.01

Igass fraction of fuel feedstock

001 41— v o

0 5 10 15 20
Recycle number

Figure 4-3. Estimated actinide composition in oxide fuels for fast reactor with TRU CR=0.5.

Figure 4-4 shows the actinide and total impurities for the oxide fuel case in which AIROX is used to
recycled used FR fuel. Recycle 1 has low impurities since it uses only feed from UREX+1 separation of
used UOX-51 fuel. Thereafter the impurities increase substantially as FIT blends used UOX-51 (from
UREX+1) with used FR fuel that has been separated with AIROX. The model cannot proceed past 3
recycles because the impurities become too high (13%) to maintain criticality, even with no uranium
dilution from UREX+1, i.e., the model attempts to make recycle-4 using only TRU from UREX+1
treatment of UOX-51 plus AIROX feed from treatment of used FR fuel.
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Figure 4-4. Estimated composition of oxide fuels for fast reactor TRU CR=0.5 with AIROX treatment of
used FR fuel and UREX+1 treatment of used UOX-51 fuel.

4.4.2 Lanthanides

Figure 4-5 shows the estimated lanthanide impurities. In UREX+1 separations, 0.03% of the lanthanides
used fuel go into the TRU-U stream, 0.099% into the recovered uranium stream, and the rest go to waste.
Note therefore that there is more lanthanides in uranium product than the TRU-U product. Of course, DU
is considered lanthanide-free. The only AIROX data says that ~100% is retained, we used 99.9% but it
makes no difference.
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Figure 4-5. Estimated lanthanide impurity in oxide fuels for fast reactor TRU CR=0.5.

FIT cannot provide a direct estimate of individual lanthanide elements to compare with the limits of 660
ppm for lanthanum, cerium, praseodymium, neodymium, and samarium (the first lanthanides minus
promethium which does not occur in nature) and 132 ppm for samarium, europium, gadolinium, and
dysprosium (some but not all of the rest of the lanthanides). For this reason, the limit for total lanthanides
used in the FIT model (792 ppm) is calculated by summing the two limits for the two different lanthanide
groupings.

The AIROX case (UREX+1 separation of used UOX, AIROX separation of used FR fuel) obviously has
the same value for the first recycle as RU feed (UREX+1 separation of both used UOX and used FR)
because AIROX hasn’t been used yet. Thereafter, the full retention of lanthanides by AIROX cases the
lanthanide content to increase quickly, reaching 7% (70,000 ppm) at the third recycle.

The DU feed case has less than half the lanthanide impurity as the RU feed case. Both cases result in
lanthanide levels in the oxide fuel that are below the total 792 ppm limit.

4.4.3 Alkali (Group 1) and Alkaline Earth (Group 2) Metals

Figure 4-6 shows the impurities for Group 1 and Group 2 elements.
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Figure 4-6. Estimated Group 1 and Group 2 impurities in oxide fuels for fast reactor TRU CR=0.5.

AIROX has a high separation efficiency of the Group 1 elements, which are volatilized from the recycled
fuel. The existing AIROX separations data refers to the separation as ~100%, we used a default value of
99.9%, leaving only 0.1% in the fuel. (These default values were used in the model whenever separations
data was nonexistent or had insufficient resolution.) In UREX+1, 0.034% of the Group 1 elements are
retained in the TRU-U product but 0.396% partitions to the RU — so the RU is “dirtier”. Thus, there are
more recycled Group 1 impurities in the RU feed case than are recycled in the U-TRU recycle stream in
either DU or AIROX.

The AIROX separation factors for Group 2 elements default in the model to 99.9% retained in the
recycled fuel, as those elements are not volatile. Because of this, the Group 2 content in the recycled fuel
increases to 1.5% by the third recycle. In UREX+1 separations, 0.193% of Group 2 elements are retained
in the TRU-U product and 0.0495% into RU product — the UREX+1 recycled TRU is “dirtier”. Thus, the
RU versus DU penalty for Group 2 is much less than for Group 1.

There is no fuel limit for the Group 1 fission products rubidium and cesium. There is a limit of 462 ppm
for sodium and potassium, based on low melting point oxide formation. Rb and Cs also form low melting
point oxides and would seem appropriate to limit. The estimates show that Rb+Cs reach a maximum of
about 130 ppm. Were these elements to be included in the 462 ppm limit (assuming a total Group 1 limit
of 462 ppm), for the limit for Na+K would decrease to 330 ppm.

There is a 330 limit for strontium, based on displacement of fissile content. This topic of fissile content
displacement and neutron absorption actually applies to all elements to varying degrees. In any case, the
figure shows that all of Group 2 stays below 330 ppm.
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444 Molybdenum and Silver

The working limit for Ti, V, Mn, Co, Cu, Mo, Ag, Ta, W in fuels is 660 ppm because these transition
metals form undesirable oxides in the fuel and because they affect the total impurities displacing fissile
content. Of these, Mo and Ag are fission products. The estimated values in Figure 4-7 exceed that limit;
however, the estimates must be considered quite uncertain because of the current approximations in FIT
involving transition metals.
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Figure 4-7. Estimated molybdenum and silver in oxide fuels for fast reactor TRU CR=0.5; uncertainties
are high.

445 Ruthenium

Ruthenium in fuel is limited to 330 ppm because of displacement of fissile content. There is no inherent
reason why only one of the transition metals should be limited for this reason and not the others. In any
case, Figure 4-8 shows the estimated ruthenium content, which exceeds the 330 ppm limit.
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Figure 4-8. Estimated ruthenium in oxide fuels for fast reactor TRU CR=0.5; uncertainties are high.

4.4.6 Cadmium and Tin

The working limit for zinc, cadmium, tin, and lead is 145 ppm because of low melting point metal
behavior and their oxides that decompose at temperatures below fuel sintering temperatures. Of these,
cadmium and tin are fission products. The estimated values in Figure 4-9 exceed that limit; however, the
estimates must be considered quite uncertain because of the current approximations in FIT involving
transition metals.
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Figure 4-9. Estimated cadmium and tin in oxide fuels for fast reactor TRU CR=0.5; uncertainties are high.

4.4.7 Halogens

The working limit in fuels for the halogens (fluorine and chlorine) is 20 ppm; we do not know if it also
should apply to bromine and iodine. In any case, UREX+1 and electrochemical separations removes
nearly complete (99.999%) bromine and iodine from the TRU-U and U products. The halogen
separations efficiencies for AIROX and melt refining are also high but reported with insufficient
resolution, so a default separations efficiency of 99.9% is assumed. We estimate halogens to be below the
20-ppm limit.

44.8 Elements Not Currently Limited

Table 4-3 shows the range of estimates for which no oxide fuel limit currently exists. It is important to
know if these levels of impurities would be an issue for oxide fuel fabrication and performance.

Table 4-3. Estimates of Fuel Impurities for which no oxide fuel limit exists (UREX+1 separation of both
UOX and FR at CR=0.50).

Estimate in | Se Zr Nb Tc Rh Pd In Sb Te
ppm

Maximum | 30 600 20 200 200 2000 10 30 500
Minimum | 10 200 10 90 90 1000 1 10 200
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4.5 Metal Fuel Cases

Table 4-4 shows the metal fuel cases performed to date. The fuel coming into the recycle loop is always
used UOX-51 fuel; the rate of incoming fuel is held constant. The reactor in the recycle loop is always a
fast reactor with transuranic conversion ratio of 0.50.

Table 4-4. Metal fuel cases.

Case Number of | Source of Source of uranium | Separation of used | Separation of
recycles uranium for for recycle >1 UOX-51 fuel used FR fuel

recycle 1

Pure 20 RU from used RU from used FR | UREX+1 Electrochemical

feeds UOX-51 (pure) | fuel (pure)

DU feed | 20 DU (pure) DU (pure) UREX+1 Electrochemical

RU feed | 20 RU from used RU from used FR | UREX+1 Electrochemical
UOX-51 fuel

Melt 3 RU from used RU from used UREX+1 Melt refining

refining UOX-51 UOX-51

4.5.1 Actinides

Figure 4-10 shows the actinide composition for metal fuel with pure feedstocks, no impurities. The RU
and DU cases have the same behavior as the pure feed stock case. The neptunium fraction slowly
decreases as there is a net consumption of Np237. By the 20™ recycle, the chemical composition of the
highest actinides, curium, berkelium, and californium, is about at equilibrium, also the isotopic mix (not

shown) is still evolving.
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Figure 4-10. Estimated actinides in metal fuels for fast reactor transuranic conversion ratio of 0.5.

Figure 4-11 shows the actinide and total impurities for the oxide fuel case in which melt refining is used
to treat used FR fuel. Recycle 1 has low impurities since it uses only feed from UREX+1 separation of
used UOX-51 fuel. Thereafter the impurities increase substantially as FIT blends used UOX-51 (from
UREX+1 with used FR that has been treated with melt refining. The model cannot proceed past 3
recycles because the impurities are too high (8%) to maintain criticality, even with no uranium dilution
from UREX+1, i.e., the model attempts to make recycle-4 using only TRU from UREX+1 treatment of
UOX-51 plus feed from melt refining from treatment of used FR fuel. The result of 8% is, as expected,
somewhat lower than the analogous AIROX result of 13% as melt refining removes lanthanides whereas
AIROX does not.
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Figure 4-11. Estimated composition of oxide fuels for fast reactor TRU CR=0.5 with AIROX treatment of
used FR fuel and UREX+1 treatment of used UOX-51 fuel.

452 Lanthanides

Figure 4-12 shows the estimated lanthanide impurities. The first recycle is about the same as for oxide
fuel as the feedstock is the same, used UOX-51. (The composition is not exactly the same because the
required TRU enrichment for oxide and metal fuels differ slightly.) Because the separation factors for
the TRU-U product are still being determined, a conservative 5% of the lanthanides are assumed to be
going into that product. It is assumed that 0.1% goes into the recovered uranium product, this is a
conservative value because the lanthanides in the uranium product are generally below detection limits.
These values (5%, 0.1%) are higher than the analogous UREX+1 values (0.03%, 0.099%) so that the
lanthanide content increases quickly after the first recycle as the blended product shifts from UREX+1
origin material to a blend of electrochemical and UREX+1. As there is little lanthanide in recovered
uranium, there is little difference between the “RU feed and “DU feed” cases.
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The best estimate we have for lanthanide removal via melt refining is 99%. If true, melt refining would
have higher lanthanide removal than electrochemical, which is why melt refining is lower in figure. For
either “RU feed” or “DU feed”, the conservatisms lead to the lanthanide content quickly exceeding the
current working limit of 775 ppm assumed for metal fuel.
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Figure 4-12. Estimated lanthanides in metal fuels for fast reactor transuranic conversion ratio of 0.5.

4.5.3 Molybdenum

The working limit for Ti, V, Mn, Co, Cu, Mo, Ag, Ta, W is 465 ppm because these transition metals form
form “undesirable intermetallics in the fuel and affect the total impurities displacing fissile content.” Yet,
we are also aware that there is work exploring use of Mo as a metal fuel alloying agent, presumably
meaning that under some circumstances Mo can be advantageous instead of an undesirable impurity.

Except for the first recycle (which is fed from UREX+1), the molybdenum content shown in Figure 4-13
is below the 465 ppm limit, but of course molybdenum is only one of those eleven elements.
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Figure 4-13. Estimated molybdenum in metal fuels for fast reactor transuranic conversion ratio of 0.5;
uncertainties are high.

454 Cadmium

The working limit for cadmium is 200 ppm. Figure 4-14 shows that the electrochemical cases stay below
that limit, but melt refining does not.
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Figure 4-14. Estimated cadmium in metal fuels for fast reactor transuranic conversion ratio of 0.5;
uncertainties are high.

4.5.5 Halogens

The working limit for the halogens (F, Cl, Br, I) is 93 ppm. In any case, the UREX+1 data show
complete removal of Br and I from the TRU-U and U products. We used a value of 0.1% retention of
halogens for electrochemical. The halogen impurity stays below 2 ppm, well below 93 ppm.

4.5.6 Elements Not Currently Limited

Table 4-5 shows the range of estimates for which no metal fuel limit currently exists. It is important to
know if these levels of impurities would be an issue for metal fuel fabrication and performance.

Table 4-5. Estimates of fuel impurities for which no metal fuel limit exists (UREX+1 separation of UOX
and electrochemical separation of FR at CR=0.50).

Estimate Group | Group | Se | Nb | Tc | Ru | Rh Pd | Ag | In | Sn | Sb | Te
in ppm 1 2

Maximum | 5 300 20 | 10 | 200 | 500 |200 | 1500 |200 |10 |300 |20 | 500

Minimum | 19 70 6 |3 |50 [100 |40 |400 |40 |1 |60 |6 |100

4.6 Waste Analyses

The FIT model includes the necessary blocks for tracking waste streams separated from used fuel during
recycling and produced during recycle fuel fabrication. Operating and maintenance wastes for
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separations and fuel fabrication are also included; but operating and maintenance wastes from front-end
processes, the first (LWR) reactor, and the recycle reactor are not included in the model at this time. If
these presently-excluded waste streams are determined through future analyses to be potentially
significant in analyzing different fuel cycle options, then they may be included in future versions of FIT.

The model is designed to enable user-selected or modified waste treatment options that are defined to
meet user-intended waste dispositions, that could dictate what treatments, and waste forms, and waste
loadings are needed. The model does not pre-supposes the application of any specific regulatory or
policy requirements on waste forms or and waste dispositions consistent with recent studies of the
Integrated Waste Management Strategy (IWMS, Gombert 2008), the Advanced Fuel Cycle Facility
(AFCF) design (DOE 2007), and the Waste Form Campaign (Vienna 2010).

Potential waste streams and waste forms are summarized in Table 4-6. The different separations
processes do not produce all of these waste streams; zero values are present in the model structure for
waste streams that are not produced in that specific separations process. Masses and volumes of the waste
forms are calculated based on waste loadings of the waste forms, consistent with models developed by the
Waste Form Campaign for glass (Ryan 2009) and the estimations made by the Integrated Waste
Management Strategy, the AFCF, and the Waste Form Campaign. Waste packaging, and the impacts on
waste volumes and masses introduced by waste packaging, are not yet included in the model structure.

4.6.1 Handling Waste Streams in FIT

The amounts of the cladding and waste isotopes are tracked in the various waste streams from each of the
separations and fuel fabrication processes. Handling and storage steps for the waste streams include:

e Temporary storage after separations and fuel fabrication, but prior to waste treatment, during
which the FIT model calculates isotopic decay for a user-selected time duration. A minimum
storage time allows for expected practicalities that would still occur even with planned
expeditious waste treatment soon after separations and fuel fabrication. Longer storage times
could be used in cases where the waste might be purposefully stored for a number of years for
decay prior to waste treatment.

e Treatment to convert the waste stream to the waste form suitable for disposal. Several options
are available. For example, Tc or UDS, if separated from other waste streams, could be
combined with metal (from cladding and fuel assembly structure material, for example) in a
metal waste form, or the Tc could be combined with other fission products into a glass waste
form. Waste forms were selected to be generally consistent with the IWMS, AFCF, and Waste
Form Campaign.

e In some cases, such as for Kr85 waste from all separations processes, and for Cs/Sr from
UREX+1 separations, the strategy in the model allows the option for storage for sufficient time
to allow decay and lower-cost disposition. Post-decay free release of Kr85, and disposal of
decayed Cs/Sr waste streams as mixed LLW, are presumed, because these approaches make
reasonable practical waste disposition sense even if not specifically supported by current waste
policy and regulations.

4.6.2 Waste Treatment and Waste Forms

Default waste forms and loadings are used in the model, based on waste management studies in recent
years, if the user does not modify the model for other potential waste forms. These default waste forms
dictate, or result from, the kinds of waste treatment performed on the waste streams from separations.
Several options are available. For example, Tc or UDS, if separated from other waste streams, could be
combined with metal (from cladding and fuel assembly structure material, for example) in a metal waste
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form, or the Tc¢ could be combined with other fission products into a glass waste form. Waste forms were

selected to be generally consistent with the IWMS, AFCF, and Waste Form Campaign.

Table 4-6. Waste streams and waste forms in the FIT model.

Separated waste From these Waste form Comments
isotope(s) separations processes
Cl4 All Grouted carbonate Based on longevity and potential
mobility; free release may be allowed
(Waste Form Campaign current
reference case)
1129 (and co-collected | All except zeolite Based on longevity and potential
halogens) electrochemical mobility
Tc99, UDS UREX+1 Metal ingot Based on longevity and potential
mobility. Could be combined with
HLW glass.
Cladding, UDS, Electrochemical Metal ingot Combined with Tc99 metal
baskets
Raffinate/residual All but electrochemical | Glass Could include Tc, UDS, Cs/Sr, and
Ln in aqueous separations
Raffinate/residual Electrochemical Glass-bonded
(salt waste) zeolite
Ln UREX+1 Glass Could be combined with HLW glass
Cladding/coatings Aqueous Compacted Presumes residual TRU
contamination >10 nCi/g
Structure/hardware All Compacted Presumes combined with
Cladding/coatings
Operations and All Mineralized Presumes some wastes contaminated
maintenance wastes monolith with TRU >10 nCi/g
Fuel fab wastes --- Compact
Tritium All Grouted Tritiated Generally accepted disposition,
water although disposition as HLW may
still be required; or free release may
be allowed after sufficient decay
prior to separations
Spent solvents-liquids | UREX+1 Mineralized Presumes TRU can be reduced to >10
monolith nCi/g
Operations and All Mineralized Presumes some wastes with TRU
maintenance wastes monolith <10 nCi/g
Kr85 (and other Kr All Compressed gas Free release after sufficient decay
and Xe isotopes) time
Cs/Sr UREX+1 Mineralized Could (or may be required to) be
monolith combined with HLW glass,
depending on waste policy
interpretation or economics
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5. CONCLUSIONS

This study aims to understand the broad implications of changes of operating performance and parameters
of a fuel cycle component on the entire system. In particular, this report documents the study of the
impact of changing the loss of fission products and other impurities into recycled fuel and the loss of
actinides into waste.

We have added exploratory analysis of candidates in the modified open fuel cycle category, with
“minimum fuel treatment” as opposed to full aqueous or electrochemical separation treatment. This
increased complexity in our analysis because equilibrium conditions do not appear sustainable in
minimum fuel treatment cases, as was assumed in FY 2009 work. It is no longer reasonable to assume an
equilibrium situation exists.

This effort has two types of value. The first are findings regarding the nature of the problem of fitting the
fuel cycle together in multi-recycle scenarios, as described in Section 2. These findings both guided and
resulted from the attempt to create the FIT model, which is described in Section 3. The FIT model is a
new attempt at integrating the fuel cycle at the level of chemical groups. By integration, we mean
blending of feed streams, fuel fabrication, reactor, used fuel separation, and waste management. The
second are quantitative analyses with the beta version of the FIT model, in Section 4. Table 5-1
summarizes the changes in FY 2010. The increased complexity required the creation of the FIT model.
The model was not the task objective, its creation and use has been a tool toward the task’s objectives.

Table 5-1. Task complexity change from FY 2009 to FY 2010.

Issue FY 2009 | FY 2010 Comment
Basic model An incoming feed stream (e.g., separation product from | Simplest possible substructure of
structure used UOX) and a recycling loop (e.g., fast reactor); the | potentially complex scenarios.

only mass leaving the loop is waste generated by
separation and fabrication.

Reactor and fuel Fast reactor with transuranic conversion ratio of 0.50 This is the case we know most

types (metal or oxide fuel) about and therefore have the best

chance to model with any
confidence.

Separation types Aqueous, electrochemical Aqueous, AIROX and melt refining added
electrochemical, air as candidate “minimum fuel
oxidation (AIROX), treatment” options.
melt-refining

Impurities in No Yes This completes the scenarios we

incoming feed started in FY 20009.

stream

Impurities in Yes

recycling stream

Chemical groups | 2 (actinides, lanthanides) 15 Required to do meaningful

assessments of waste streams
(e.g., gases, metals, ceramics)

Blending Fixed ratio Blend among:
TRU-U-1 incoming
TRU-U-2 recycling
RU-1 incoming
RU-2 recycling
DU

State of system Equilibrium Recycle by recycle
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Figure 5-1 illustrates the central challenge of the discharge side of nuclear fuel cycles—how can active
radioactive materials “in service” be dispositioned? ™ All mass must eventually leave active status, to
either be readied for recycling or permanently disposed. These questions arise: what options exist for
individual technologies, how should such options integrate to make a system, and when and for how long
can materials be recycled? In short, what are the sagacious disposition options? This recycle losses study
aims at answering those questions via time-independent, equilibrium analyses. Until candidate materials
are treated to achieve impurity limits, active materials cannot be re-used as new fuel, stored as recovered
uranium (RU), stored as depleted uranium (DU), re-used zirconium, re-used graphite, used for non-energy
applications,” etc. As this list shows, there are more materials to be considered than simply transuranic
(TRU) elements. Impurity limits are based on fuel fabrication, service conditions, and performance
estimations. Until candidate materials are treated to achieve waste acceptance criteria (WAC), active
materials cannot be disposed as high-level waste (HLW), low-level waste (LLW) qualifying for near-
surface burial, or intermediate categories. WAC are established by the waste receiver. Thus, separation
produces two sets of products that must meet criteria: recycled materials and wastes. Loss of useful
materials into wastes impact meeting WACs, and loss of non-useful materials into recycle fuel streams
impact impurity limits; hence, of these issues are linked.

RU/DU for
eventual use

New fuel (one or
more TRU)

A

Impurity limits

Reuse Zr,
graphite, etc

Fission product

» targets?
Active radioactive
materials
WAC
High heat Low heat
f & N f A ]

High long-term
radiotoxicity
(extended

Unprocessed used fuel/HLWW
Deep geological burial
Examples: none

Low heat/high longevity waste
Examples: US entombed
waste, WIPP, German Konrad

mine

10CFR61 limits?)

High heat/low longevity waste
Examples: decay storage

LLW (Class C)
Near-surface burial
Examples: SC, UT, WA

Low long-term
radiotoxicity

Figure 5-1. Central challenge of the downstream side of nuclear fuel cycles

The central challenge of the upstream side of nuclear fuel cycles is obtaining materials that must be put into radioactive
service.

n.  Although outside of our scope, we note that there is a wide range of potential non-fuel uses of material removed from a
reactor materials to be reinserted into a reactor (cladding, fuel matrix materials such as zirconium in Zr-U-TRU fuels,
graphite moderator), isotopes for non-energy nuclear applications such as medicine and detectors, and possibly non-
radioactive service for lanthanides that do not have long-lived radioactive isotopes. Imagine nuclear-enhanced wind energy
by using recovered neodymium, a main component of permanent magnets in wind turbines. The longest-lived artificial
neodymium isotope is Nd-147 (10.98-day halflife).
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The recycle losses study started in FY 2009 articulating the losses of undesired materials into recycle
streams and losses of desirable materials into waste streams. Our exploratory FY 2009 analyses were
done piece-meal with sets of spreadsheets, expert judgments, and a Decision Programming Language
mini-model (Shropshire 2009). We have realized that it is time to make a FIT model to automate our
analyses and to harvest expert judgment in a more systematic way as we analyze different aspects of
material management within the fuel cycle and step back to evaluate the impacts of higher level issues
and drivers (e.g., fuel cycle selection that minimizes the generation of TRU, simplifies treatment for
closure, minimizes or eliminates recycle, minimizes proliferation risk, etc.).

This study identifies a few operating assumptions and constraints. Our analyses are limited to:
1. Commercial nuclear energy fuel cycles.

2. Currently, light water reactors and sodium-cooled fast reactors; we readily acknowledge that
there are a wide range of alternatives to be studied in the future.

3. Four used fuel treatment options: aqueous and electrochemical are taken as examples of
traditional, full separation techniques and AIROX and melt-refining are taken as examples of
limited separation, also known as minimum fuel treatment (MFT). There is a wide range of
variations and alternatives to be studied in the future.

We identified appropriate “use cases” to analyze, qualitatively coherent related issues, developed a
modeling approach, created the model architecture, and created some of the submodels. The most difficult
challenges will be analysis of “minimum fuel treatment” options such as AIROX or melt refining and
trying to quantify cost sensitivities as the facility size, processing parameters, and waste treatment
systems change. Table 5-2 summarizes the identified use cases.
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Table 5-2. Use cases identified by FIT team.

Lead-in Step Recirculation Steps Comment
(source of feed material
for the recirculation part
of system)
None Metal/fast reactor/echem FY 2009 analysis
Oxide/fast reactor/UREX+1
UOX/UREX+1 Both Complete 1-tier, completed
UOX/AIROX Metal/ fast reactor/melt refine | Minimum fuel treatment, completed
Oxide/ fast reactor/AIROX
UOX/UREX+1 Metal/ fast reactor/UREX+1 Switch the technologies for fuel
Oxide/ fast reactor/echem fabrication and fuel separation (metal
fuel with UREX+1 and oxide fuel with
echem). We lacked the resources to
model the required oxidation and
reduction steps this year.
MOX/UREX+1 Both FIT 1.0 could analyze this case.
UOX/UREX+1 Both FIT 1.0 could analyze this case.
With long interim storage
UOX/UREX+1 Both FIT 1.0 could analyze this case.
Without CsSr removal
UOX/NUEX Both Requires separation matrix for NUEX.
UOX/COEX Both Requires separation matrix for COEX.
Options using enriched uranium in the recycle loop Requires adding EU as a uranium
blending option
Breeder reactors in the recycle loop Requires adding NU as a uranium
blending option
Fuels other than oxide or metal in the recycle loop, e.g., Requires new fuel modules
TRISO fuel for HTGRs
Reactors other than FR in the recycle loop, e.g., CANDU May only require appropriate physics
data for that reactor and fuel
Thorium fuels Well beyond FIT 1.0
“Both” means both metal/fast reactor/echem and oxide/fast reactor/UREX+1.
Melt refining and AIROX are considered potential minimum fuel treatment examples.

Our observations in FY 2010 on issues related to commercial used fuel cycles include the following:

1. The experimental basis for quantifying the degree of separation of the lanthanides from actinides
ranges from having data for several lanthanides from UREX tests to relatively weak or remains to
be developed. Often, the behaviors of the lanthanides are extrapolated from data for only a few of
them; yet, as is the case with transition metals and actinides that have multiple possible oxidation
states, the behavior of individual lanthanide elements may vary.

2. The reasons for working limits on impurities in oxide and metal fuel feedstock include fabrication
difficulties, formation of oxides/intermetallics, attack on fuel cladding, displacement of fissile
content, and neutron absorption. If the program is to consider minimum fuel treatment options,
solutions will have to be considered for many of these issues for particular combinations of fuels,
fabrication technology, and separation technology.
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10.

11.

Currently, there are not working limits for impurities in oxide and metal fuel feedstock for many
chemical elements. Non-limited elements may need to be reconsidered if the program is to
consider minimum fuel treatment options. For example, the only limits on noble metals—
ruthenium, rhodium, palladium, silver, rhenium, osmium, iridium, platinum, gold—are for oxide
fuels, specifically ruthenium for fissile displacement, and silver for undesirable oxides and fissile
displacement. Minimum fuel treatment options typically do not remove noble metals. Thus, the
question arises: would minimum fuel treatment approaches put so much noble metal content in
oxide or metal fuels as to cause a problem? Or, would other hard-to-separate materials continue to
be the limiting elements?’

Most fuel fabrication methods include a feed conditioning step that involves dissolution or
melting of the feedstock. This has to be considered in the proliferation risk assessments and the
definition of minimum fuel treatment. It also motivates integration of separation and fuel
fabrication.

Adoption of “minimum fuel treatment” options would drive new approaches for fuels and fuel
fabrication because the impurity levels would be significantly higher.

More fully quantifying the chemistry for different separation techniques has several potential
benefits. First, it may provide a basis for initial estimation of separation of elements for which
there currently are no data. Second, a better definition of the relative importance of different
elements among the full range of issues (fuel fabrication difficulties, cladding attack, etc.)
provides a solid foundation for potentially modifying and combining parts of separation
approaches (e.g., voloxidation with melt-refining). Third, proliferation risk assessments must not
only consider a facility as designed, but also how a facility may be modified. That is, from
chemical principles, a given approach such as volatility can separate some elements but not
others. A facility designed to use a gas-phase process may not be particularly suited to for liquid
separations that may be required for certain elemental separations. However, a facility designed
to use volatility as one step in a series of separations may be changed to operate under conditions
that differ from those for which it was initially designed. These matters are likely to become more
important as the program considers minimum fuel treatment possibilities.

The definition and assessment of “minimum fuel treatment” must reflect both separation and
subsequent fuel fabrication. For example, current TRISO fuel fabrication involves a dissolution
step, apart from whether or not separation of used fuel is the source of the feed material.

All fuel treatment methods (even minimum fuel treatment) have some chemistry associated with
them (i.e., variable volatility among different chemical species in AIROX).

The fate of non-fission product impurities is often inadequately understood (e.g., C-14, CI-36, and
some elements identified as limited for fuel fabrication).

Because separation techniques use different chemical characteristics (volatility, selective
oxidation, complexation in nitric acid, etc.) one cannot assume that elements of the same
chemical grouping (as we have defined them) behave the same in two different separation
techniques.

Because fuel fabrication and performance are based on different chemical characteristics for
oxide versus metal fuels, one cannot assume that elements of the same chemical group face
comparable limitations in two different fuel types.

o. AIROX does not remove the lanthanides but does remove 100% of the silver, so it might be expected that noble metals
would not be limiting in such an approach. Melt refining (with an oxidizing crucible) does remove ~95% of the lanthanides,
so noble metals might be found to be limiting.
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12. Build understanding and analysis in stages.
13. Consider uncertainty ranges.

14. A key issue is how each subsystem or full system responds to perturbations, but that is beyond
what we currently intend to study with the steady-state FIT model; it will await future VISION
analyses.

We have also identified these questions, which are intended to be answered during FY 2011.

1. Proliferation resistance and physical protection—does “minimum fuel treatment” have benefits
versus aqueous or electrochemical?

2. Reactor—quantify the increased TRU:uranium ratio or uranium enrichment as TRU degrades
(from increased storage time) or impurities increase.

3. Separation

o Which fuels and fuel cycle management options are the most user-friendly (i.e.,
treatment is simplified or minimized)?

What are the losses into each waste and fuel stream?

How does separation performance change as the quantity of recycling impurities
increases?

o How does cost vary as losses change?
o How does cost vary with gamma/neutron dose?
4. Fabrication

o What happens to fuel fabrication and reactor performance if impurities in the feed stream
are significantly higher than the working impurity targets?

How does cost vary as impurities in the feed steam increase?
How does cost vary with gamma/neutron dose?

What dissolution or melting steps occur during fabrication (e.g., dissolution step in
current TRISO fabrication)?

o What are the losses into each waste stream and fuel stream?

5. Waste form—what can we get out of the heat-per-container trap?

6. Waste disposition—if waste classification is changed from source-based to characteristic-based,
what benefits (and costs) arise?

Many of the above pertain to minimum fuel treatment options. Tables 5-3 and 5-4 summarize initial
qualitative analyses. Fundamentally, high-impurities are analogous to extra long-life (extreme burnup) in
that more non-fuel material accumulates in in-service fuel. So, research and development (R&D) thrusts
like impurity-tolerant fuel matrices and clad coatings that protect against impurities may enable minimum
fuel treatment and/or extreme burnup. Note that the Fuels Campaign already has a question about how
impurities generated during irradiation behave versus how impurities residual after separations behave.
The example in the FY 2009 report was that the working impurity limit for lanthanides was 4000 ppm,
but 40,000 ppm generated during irradiation. These are viewed as consistent because the 4000 ppm is
viewed as more mobile and likely to attack cladding, whereas the 40,000 ppm is viewed as relatively
immobile - not all impurities behave the same. Instead, if we have impurities after minimum fuel
treatment (such as AIROX-treated particles) is used to treat used fuel, are they more like the low-mobility
40,000 ppm created during fuel irradiation (because their original matrix was not as disturbed) or more
like the high-mobility 4,000 ppm impurity limit assumed to apply to feedstock.
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Table 5-3. Qualitative potential implications of “minimum fuel treatment” on fuel cycle components

Possibly no liquids (e.g., AIROX)

Positive Negative
Reactor Some recycled impurities could serve as Higher impurities absorb more
burnable poisons® neutrons, slight increase in TRU/U or
U-235/U enrichment required
Fuel High impurities, but for same net burnup, Impurity accumulation in fuel
Fabrication less gas generation and less radiation Impurity attack on cladding/coating
damage to clad/coating Impacts during fuel fabrication: remote
operations, radiation damage to
fabrication equipment, control of heat
generation
Separations Fewer, easier separations Gasification or entrainment of

radioactive materials that necessitate
efficient capture from gas streams

Waste forms

Potential for fewer or different types of
waste forms due to different separation
principles, that may enable purer waste
forms (fewer chemical species in a given
stream) in some cases

Limited current data and analyses

Waste
disposal

Potentially less TRU in some waste streams

Limited current data and analyses

Table 5-4. Qualitative potential implications of “minimum fuel treatment” on fuel cycle objectives.

conditions may enable less
HLW if some waste can
meet LLW limits

Repeated recycle of long-
lived fission products may
consume some

recycle of impurities
may lead to more
activation and
accumulation of long-
lived fission products

Positive Negative Questions
Waste Potentially less TRU in If MFT processes Next step is FY 2010
management waste streams for some MFT | enable repeated recycle, | calculations that examine

impact of long
irradiation on impurities
to determine which long-
lived FP decrease and
which increase

Several unresolved areas
need more R&D, such as
improved completeness
and quality of
separations data, and
characteristics of the
separated waste streams

Proliferation and

Some MFT may be very

Safeguard

What do metrics and

p.-  Some fission products can serve as the stabilizing isotope for the matrix itself (as opposed to residing in the dispersion
kernel). For example, much of the lanthanides are neodymium isotopes (some are neutron poisons of course). Coincidently,
this element may prove to make a more stable damage resistant inert matrix. Case in point (neodymium zirconate,
Nd,Zr,05) which is a pyrochlore compound of interest in the inert matrix community (ongoing research mainly at
University of Florida). Also, lanthanides are likely to form oxide phases in oxide fuel (mobility and restructuring to be
addressed). In metal fuels, lanthanides pose a fuel-cladding problem as they tend to try to trade places with iron in the

cladding.



Losses Study

116 September 15, 2010
physical difficult to alter to provide measurements may be methodologies say?
protection high-grade weapon usable more difficult

material
Higher radiation fields in
recycled material
Uranium More neutron Develop “minimum fuel
utilization absorption by treatment” to maximize
impurities will slightly | neutron absorber
decrease uranium removal at minimum
utilization cost
Economics Lower separation cost Higher fuel fabrication | More detailed economic
cost studies are needed for
specific illustrative
examples
Safety In some MFT versions, no Potential for higher risk | Need to better assess
handling or spills of of environmental how to capture and
radioactive waste during release compared to handle the separated
separations processes that do not streams
rely on gasification

Finally, we can identify broad R&D needs, summarized in Table 5-5. As an example, consider the second
R&D need to obtain separation factor details for a wider range of elements. Compare which elements are
limited as impurities in the TRU feed stream for fuel fabrication (Section 2.3) versus which elements’
separation factors are known for separation methods (Section 2.4). Even for conventional separation
methods, there are impurity-limited elements for which we lack separation factors; perhaps these elements
are indeed unimportant but it seems unusual that an element is limited in the separation product (fuel
impurity) without knowing how that element behaves in the separation process. In addition, if the
program now emphases minimum fuel treatment options, they would result in higher impurities of more
elements in fuels so that more separation factors will be need to be studied.

Table 5-5. High-leverage R&D needs motivated by analyses to date.

High-leverage common R&D need

Explanation

Recycle fuels and reactor designs that | Either “minimum fuel treatment” approaches or ultra-high
tolerate high levels of fission product fuel residence time (extreme burnup or battery reactors)

and other impurities in the recycled increase non-fuel material accumulation in in-service fuel.
feedstock. So, R&D thrusts like impurity-tolerant fuel matrices and clad
coatings that protect against impurities may enable minimum
fuel treatment and/or extreme burnup.

Fuel fabrication R&D to better define | The tolerable level of impurities are not always known for

fuel impurity limits for relevant fuel elements that can be reasonably expected to be present in
type options for a wider range of recycle materials, especially if minimum fuel treatment
chemical elements.? approaches are used. This inhibits a comprehensive system

q- Example questions for oxide fuels: Are the two different sets of separation transition metal limits (titanium, vanadium,
manganese, cobalt, copper, molybdenum, silver, tantalum, tungsten = 2000 ppm and chromium, iron, nickel = 1500 ppm)
required to be different? What is the lithium limit? Are there limits for rubidium, cesium, and strontium as there are for other
Group 1 and Group 2 elements? As the noble metals limited; minimum fuel treatment options tend not to remove them.
Since zinc, cadmium, tin, and lead are limited, what about indium, which lies in-between? It would be easier if there was a
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analysis.

Separations R&D to better define and
improve separations factors for
relevant options for a wider range of
chemical elements."

The separation factors are not always known for elements
that are constrained in TRU product (impurity limits) or
waste forms (e.g., constraining the waste loading in glass).
This inhibits a comprehensive system analysis.

Waste management options designed
to lower waste disposal cost, reduce
waste radiotoxicity and dose, increase
waste form and disposal site integrity
(reduce heat), and better re-use
valuable fertile and fissile materials.

Truly taking advantage of recycling to reduce waste
management burdens and costs requires moving from a
prescriptive source-based definition of HLW to one based on
waste characteristics. If so, in the bounding case of several
separation steps and intermediate waste classification,
creation of HLW can be eliminated.

Analysis tools and methods that allow
comprehensive and systematic
examination of the disposition options
of all radioactive materials (recycle,
waste, etc.).’

The central challenge of the discharge side of nuclear fuel
cycles: how can active radioactive materials “in service” be
dispositioned, what options exist for the system and the
individual technologies, how should those options integrate
with each other, when and for how long can materials be
recycled, what fraction of material should be disposed while
recycling occurs (i.e., what are the best disposition options)?

Finally, we note that FIT may eventually “set the standard” for data from separations as the
Transmutation Library’s common format is setting the standard for transmutation analyses (i.e., all
analyses need to provide a minimum set of data in a common format). The intent will be that separation
experts provide (at minimum) a basis for knowing the separation performance for each chemical
grouping, how much of each chemical grouping ends up in each separation stream. Similarly, the intent
will be that fabrication experts provide (at minimum) a basis for the maximum impurity limit for each

chemical grouping.

single limit covering all the lanthanides, would this fit the data? Example questions for metal fuels: Some transition metals
are limited, what about the others? Are the noble and other metals limited? Metalloids?

r. It is important to have better aqueous and non-aqueous process separation factor data on the impurities that impact fuels
recycle and waste management. Other than uranium, plutonium, neptunium, from FP, lanthanides and actinides (together),
all well-known separation factors from actual PUREX production scale processing, and all our other data comes from
laboratory batch or very small scale process experiments. The FIT model will need to be validated with data from pilot
processing experiments before it is able to reliably discriminate between alternatives. Pilot scale experiments on each new

fuel cycle process are thus required.

s.  Higher-level questions include: minimizing the amount of separations that may be needed (e.g., fuel cycles that need little or
no separation [i.e. minimum fuel treatment]) and a simplified processing flow sheet is better than a very complex one that
may require multiple separations. Lower-level questions include: development of near real-time sampling and analytical
results to support process control and accountability; improvements in integrated process control systems relative to things
like security, automated corrective action responses, preventive maintenance alerts, etc.
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Questions have been posed to the Used Fuel Disposition Campaign regarding their calculations for
Generic Disposal System Environments (GDSE) for tuff and salt. Via Bill Halsey, input has been
provided to the Disposal Systems Evaluation Framework (DSEF).
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Appendix A

FIT Modeling Details
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A-1. FIT Model Details

The basic flow of the FIT model is shown in Figure A-1. The model starts with a UOX-51uranium oxide
spent fuel inventory (decayed to a user specified number of years, default is 15 years) in grams per metric
ton initial heavy metal as shown in Table A-1. The inventory was summarized into the
radionuclides/groups used in the FIT model. The basis for this spent fuel input is IGWe power, 33%
efficiency, 90% capacity factor, and 51MWth-day/kg burnup. This equates to 19,532 kg initial heavy
metal per year. Using this basis, the grams per metric ton initial heavy metal inventory is converted to
kg/yr for the rest of the model.
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Figure A-1. Flow of FIT model.
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Table A-1. Uranium-oxide spent fuel inventory used in FIT model.
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The used fuel inventory then feeds into the first separations module. This module then splits the inventory
into the 14 streams based on the separation factors for the selected separations technology. Separation
factors for one of several different intended separations options (UREX+1a) are shown in Table A-2.
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Table A-2. Separations factors for UREX+1a.

UREX+1A
[ Recoveredu |U-'IRU Product 1 | U-TRU Produaleap(ured Gases | Effluents Released |Cladding/Coaling| Cs-Sr. ups |Ra!finale/ idy ‘! Struc
Hed (stable) 100%
EE2IG 0.0990% 0.09% 0.09% 0.0001% 1.00% 98.703%
[ 0.0990% 0.09% 0.09% 0.0001% 1.00% 98.703%
EE 0.0990% 0.09% 0.09% 0.0001% 1.00% 98.703%
[0 0.0990% 0.09% 0.09% 0.0001% 1.00% 98.703%
B0 Transtion metals 0.0990% 0.09% 0.099% 0.0001% 1.00% 98.703%
0.0495% 0.193% 98.555% 0.2028% 1.00% 0.000%
Group 24 0.0495% 0.193% 98.555% 0.2028% 1.00% 0.000%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
Actinides 0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
98.9970% 0.000% 0.003% 0.0000% 1.00% 0.000%
9B.9970% 0.000% 0.003% 0.0000% 1.00% 0.000%
98.9970% 0.000% 0.003% 0.0000% 1.00% 0.000%
98.9970% 0.000% 0.003% 0.0000% 1.00% 0.000%
98.9970% 0.000% 0.003% 0.0000% 1.00% 0.000%
9B.9970% 0.000% 0.003% 0.0000% 1.00% 0.000%
1.7820% 97.19% 0.019% 0.0008% 1.00% 0.005%
0.0003% 9B.963% 0.030% 0.0020% 1.00% 0.005%
0.0003% 98B.963% 0.030% 0.0020% 1.00% 0.005%
0.0003% 98B.963% 0.030% 0.0020% 1.00% 0.005%
0.0003% 98B.963% 0.030% 0.0020% 1.00% 0.005%
0.0003% 98B.963% 0.030% 0.0020% 1.00% 0.005%
Plutonium 0.0003% 98.963% 0.030% 0.0020% 1.00% 0.005%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
Amercium 0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
Curiom 0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
Berklium 0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
Calforium 0.0792% 98.885% 0.030% 0.0020% 1.00% 0.004%
13 99.00% 1.00%
14 90.00% 10.00%
[C-other Other gases 90.00% 10.00%
K81 Inert gases 99.00% 1.00%
i8S (Group 0) 99.00% 1.00%
Inert s other (Kr, Xe) 99.00% 1.00%
Ro 0,0990% 0.000% 98.802% 0.000% 1.00% 0.099%
90 w90 decay 0.3960% 0.547% 97.756% 0.232% 1.00% 0.06%%
0.3960% 0.547% 97.756% 0.232% 1.00% 0.06%%
0.3960% 0.390% 1.006% 0.000% 1.00% 97.208%
0.3960% 0.390% 1.006% 0.000% 1.00% 97.208%
0.3960% 0.390% 1.006% 0.000% 1.00% 97.208%
0.703% 94545%  0.218% 0.001% 1.00% 3.533%
0.703% 94545%  0.218% 0.001% 1.00% 3.533%
Rul06 w/Rh106 decay
20790% 4.894% 6.203% 0.005% 1.00% 85.819%
[Pdio7 [ 5.3460% 14.545% 14.797% 3.430% 1.00% 60.877%
constrain glass waste 2 . . .
MR ERERI ey forms 1.5840% 0.875% 54.719% 0.192% 1.00% 41.630%
2 0.0990% 0.099% 0.099% 0.000% 1.00% 98.703%
Cdll3m 0.0990% 0.089% 9.791% 0.000% 1.00% 89.021%
Sn126 w/Sb126m/Sb126
45.4410% 18.441% 0.054% 0.018% 1.00% 35.046%
Sb125 w/Tel25m decay
7.6230% 3.127% 76.848% 3.20% 1.00% 8.107%
[ TM-other (Co-Se, Nb, Ag-Te)
Other transition metals 0.0990% 0.099% 0.099% 0.000% 1.00% 98.703%
129 [Halogens 9.99% 0.0010%
[Halogen-other (Br, 1) (Growp 7) 9.99% 0.0010%
(Cs134 0.3960% 0.034% 98.456% 0.000% 1.00% 0.114%
(Cs135 0.3960% 0.034% 98.456% 0.000% 1.00% 0.114%
|Cs137 w/Bal 37m decay
0.3960% 0.034% 98.456% 0.000% 1.00% 0.114%
[t 0.3960% 0.034% 98.456% 0.000% 1.00% 0.114%
B (Group 1424 0.0495% 0.193% 98.555% 0.203% 1.00% 0.000%
|Cel44 w/Prld4m/Pr144 decay
0,0990% 0.030% 0.06%% 98.713% 1.00% 0.08%%
ity 0.0990% 0.030% 0.06% 98.713% 1.00% 0.089%
Fake 0.0990% 0.030% 0.06% 98.713% 1.00% 0.089%
e 0.0990% 0.030% 0.06% 98.713% 1.00% 0.089%
[ 0.0990% 0.030% 0.06% 98.713% 1.00% 0.089%
= 0.0990% 0.030% 0.06% 98.713% 1.00% 0.089%
i 0.0990% 0.030% 0.06% 98.713% 1.00% 0.089%
[OED 0.0990% 0.030% 0.06% 98.713% 1.00% 0.089%
LA-other plus Yttrium
[Lanthanides (plus Y) 0,0990% 0.030% 0.06%% 98.713% 1.00% 0.08%%
cl36 9.9% 0.10%
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Next, the U-TRU stream (along with its impurities) is transferred to another spreadsheet application
(MrTau) which adjusts the U-TRU ratios (using depleted uranium or recovered uranium) to keep k-
effective constant given the impurities present. This adjusted inventory then goes to the fuel fabrication
module. The fuel fabrication module fabricates a metal or oxide fuel depending on the case selected by
the user. As an example, the summary sheet from the fuel fabrication module for producing a metal fuel
is shown in Figure A-2.

Mass Balance Usage Instructions: FUEL COMPOSITION ADDITIVE USAGE
1. Use Inputs worksheet to enter user data (Cyan fields): Uranium 56.86% Feed Preparation
A. Batch size to be calculated by the spreadsheet Plutonium 28.00% HF (g) 0
B. Desired fuel composition Neptunium 1.58% Mg (g) ]
C. Expected reject rates for unit processes Americium 3.02% Process
D. Percentage of isotopes in input material Curium 0.14% Zr (g) (1]
Zirconium + Impurities 10.41% Fuel Rods (g) 322,339
2. Set alloy composition, slug size, and fuel rod inputs on Process PRODUCT OUTPUTS Weld Rods (g) 445
worksheet as needed. Net Grams Fuel Alloy Output (g) 674,835 End Fittings (g) 23,103
Number of Fuel Slugs 8,887 Na (g) 18,472
3. Assumptions on flow of reject materials are reflected in equations. The Number of Finished Fuel Rods 2,222 QC Test
equations may be changed as needed when data becomes available. FUEL INPUT HCI (g) 1,193
Initial Fuel Oxide Input (g) 770,611 Water (g) L))
FUEL PROCESS GAINS He (g) o
Fuel Alloy Input to the Process Line (g) 686,950 Recovery
NOTES: Fuel Additions From Recycle (g) 429,944
1. Mass balance calculates steady state material flow with recycle, Fuel Additions from Recovery (g) 21,973
recovery, and QC streams filled from previous batches. Fuel Additions from QC Testing (g) 1,709
The efficiency of the process prior to reaching steady state will be much FUEL SCRAP STREAMS
lower because of the lack of scrap stream inputs. Total Fuel to Recycle (g) 430,282
Fuel Materials to Recovery (g) 21,973
2. Co-processing of multiple isotopes is assumed. Verification of the Total Isotope to Recovery (g) 19,772
feasibility of performing such co-processing has not been assured. Total Fuel to QC Testing (g) 2,171
FUEL RECOVERY
Fuel Alloy Return to Melter (g) 21,973
[Steady State Process Efficiency | 87.57%| |[FUEL WASTES
From Feed Preparation
Fuel Alloy Container Waste (g) 596
From Process
Fuel Container Waste (g) 11,517
Fuel HEPA Filter Waste (g) 228
Fuel From Recovery
Fuel Alloy Container Waste (g)
Fuel HEPA Filter Waste (g)
From QC Testing
Fuel Container Waste (g) 33
Fuel HEPA Filter Waste (g) (1]

Figure A-2. Fuel fabrication module summary sheet.

Next, the material from fuel fabrication is sent to the MrTau application to calculated depletion in the
reactor according to the user specified case. The results are then passed back to the FIT model and stored
in reactor storage. This inventory then goes to the second separations module and connects back to the
input to fuel fabrication, thus making a calculation loop.
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Waste streams from separations and fuel fabrication are fed into the waste processing module. Inside this
module decisions must be made about how each of the streams will be processed. For example, most
high-level waste streams could be processed into a glass waste form. This is accomplished by
implementing a glass waste loading model within the waste processing module. Some waste streams can
go through extended storage to decay isotopes with relatively short half-lives. Heat, gamma, neutron, and
radiotoxicity factors are applied to waste inventories to Figure A-3 shows an example of outputs from the
waste disposition module. Table A-3 shows an example of similar outputs in tabular form for High-Level

Waste.

Waste Decay Heat, t=0 Radiotoxicity, time=0yrs
1406404 7.00€+08
1.206+04 6.00E+08
1.00E+04 S 5.00E+08
3
T 3
£ 8.00E+03 - 4.00E+08
g H
& 6.00£+03 § 3.00£+08
2 ]
-
4.00E+03 & 2.00E+08
2.00E+03 1.00E+08
0.00E+00 0.00E+00
HLW-Repository Lw MLLW LLW-Decay MLLW-Decay LLW-GTCC HLW-Repository Lw MLLW LLW-Decay MLLW-Decay LLW-GTCC
Storage Storage Storage Storage
Gamma Radiation, t=0 Radiotoxicity, time=10,000yrs
3.50E+03 2.50E+06
3.00E+03
2.00€+06
250403 B
£ H
S 200E+03 S 150E«06
] 3
E 150403 3
£ £ 100406
L) k-1
1.00+03 2
5.00€+05
5.00E+02
0.00E+00 0.00E+00
HLW-Repository - E LLW-Decay ~ MLLW-Decay ~ LLW-GTCC HLW-Repository Lw MLLW LLW-Decay ~ MLLW-Decay ~ LLW-GTCC
Storage Storage Storage Storage
Neutron Radiation, t=0 Waste Mass
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Figure A-3. Example waste disposition module outputs.
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Waste streams from separations and fuel fabrication are fed into the waste processing module. Inside this
module decisions must be made about how each of the streams will be processed. For example, most
high-level waste streams could be processed into a glass waste form. This is accomplished by
implementing a glass waste loading model within the waste processing module. Figure A-2 shows an
example of outputs from the glass waste loading model.

Table A-3. Example HLW output from FIT model.

HLW Repository Disposal

Radiotoxicity

Gamma Neutron Neutron Radiotoxicity (Sv/yr) at Mass Volume
HLW-Repository Heat (W/yr) (W/yr) (W/yr) (#/s/yr) (Sv/yr) att=0 t=10,000yr (kg/yr) (m3/yr)
TOTAL: 1.06E+04 3.23E+03 2.27E-05 1.42E+08 5.99E+08 1.09E+06 2.04E+03 9.10E-01
Zeolite 4.38E-04 1.41E-04 3.85E+03 3.85E+03  3.02E+02 1.68E-01
Kr-Xe
Cs-Sr
Metal Alloy Ingot 3.04E+02 9.18E+01 1.72E-05 1.07E+08 4.73E+07 9.99E+05 4.23E+02 5.00E-02
Remainder Metal
HTO Grout
C14 Grout 9.30E-07 8.79E-09 6.81E-02 2.03E-02
LLW Mineralized Monolith
TRU Mineralized Monolith
Glass 2.82E+01 1.28E+01 6.82E-08 4.26E+05 3.21E+06 1.01E+04  2.28E+02 8.71E-02
Glass Bonded Zeolite 1.03E+04 3.13E+03 5.46E-06 3.41E+07 5.49E+08 7.76E+04  1.09E+03 6.05E-01

Fuel Fab Waste
Operational Waste
Operational Waste (TRU)
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Appendix B

Software Requirements Document for FIT



Losses Study
132 September 15, 2010

This page intentionally left blank



Losses Study
September 15, 2010 133

May 12, 1010
Revision 2.0

B-1. Introduction

The purpose of this Software Requirements Document (SRD) is to define the top-level requirements for
the Fuel Cycle Integration and Trade-offs Model (FIT). This modeling tool has evolved from initial
efforts to evaluate fuel cycle system losses (the Losses Study) started in Fiscal Year 2009 (Shropshire
2009). The initial Losses Study focused on impacts to the fuel cycle due to “losses” that occur during
used fuel recycling due to separation inefficiencies; namely (a) losses of a portion of re-usable fuel
components (specifically U, Pu, and other actinides), that cannot be 100% recovered and so are no longer
available for recycle and also contaminate separated waste streams, and (b) losses of a portion of fission
products and inert materials that are not possible to separate with 100% efficiency, and so contaminate
recycled fuel streams. These recycle and waste losses become important when (a) contamination of the
recycled fuel impacts how the recycled fuel is made, and how the recycled fuel behaves in recycle
reactors, and (b) contamination of waste streams affects how those waste streams can be handled and
ultimately disposed. These losses increase in multiple-recycle strategies. The losses of valuable actinides
(to waste) that could otherwise be recycled into new fuel can affect uranium (and thorium when used)
resource utilization efficiency.

The FIT model is intended to evolve beyond the initial focus on losses and serve as a broad systems
analysis and study tool for performing analyses conducted by the Systems Analysis Campaign in
conjunction with the Transmutation Fuels Campaign and the combined Separations and Waste Form
Campaigns. It is intended to be used to identify and evaluate high level discriminating issues that could
be used by the Department of Energy (DOE) to evaluate and down-select different fuel cycle options, and
to be used when considering where to focus future nuclear fuel cycle research and development.

This is a “living document” that can be modified as needed over the course of the execution of this work
element, but with configuration control by the INL work package manager for the Losses Study.

B-2. Need, Scope and Purpose of the FIT Model
B-2.1. Need for the FIT Model

Various modeling tools have been developed or are under development for nuclear fuel cycle research
and development. Figure B-1 shows how fundamental science and data provide a foundation for
modeling tools such as AMUSE and ORIGEN. These models are used to study various fuel cycle
components. For example, ORIGEN is used to study the fission of nuclear fuel in nuclear reactors to
estimate the composition of used fuel. AMUSE is used to study aqueous separations processes.

The Verifiable Fuel Cycle Simulation (VISION) model has been developed to perform high-level
dynamic simulations over time for an entire fuel cycle. Because it is dynamic and high level, it excludes
detail needed to readily evaluate fuel cycle options at a more detailed level.

An initial scoping of candidate Systems Analysis Campaign models was included in the Losses Study in
FY-09 (Shropshire 2009). The FY-2009 effort resulted in the recommendation that the FIT model is
needed to bridge the system analysis gap between component-specific science and models such as
AMUSE and ORIGEN, and the higher-level, dynamic VISION model.
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Figure B-1. Modeling pyramid diagram showing relative hierarchy of models.

B-2.2. Scope of the FIT Model

The initial versions of the FIT model will simulate the fuel cycle functions as nuclear fuel leaves the
initial reactor and is either disposed of (in once-through strategies) or is otherwise processed to separate
recyclable components from waste components that are discarded (in modified open or full recycle
strategies). The model is intended to be able to include fuel cycle functions upstream of the initial
reactor, such as mining, enrichment, and initial fuel fabrication, but not in the initial development stage.

Figure B-2 shows that the initial scope of model will include post-reactor fuel storage, separations,
recycled product storage, fuel fabrication, recycle reactor(s), waste conditioning, long-term waste storage,
and final disposition. The model will provide the capability to evaluate a wide range of systems including
thermal and fast transmutation systems, various types of fuels (oxide, metal, others), different fuel origins
(commercial or defense), fuel separation technologies (such as aqueous and electrochemical [EChem)]),
waste forms, and waste disposition strategies. The FIT modeling domain interfaces with other the Fuel
Cycle Technology (FCT) research and development efforts in fuel fabrication, reactors, separations, waste
forms, and waste disposition. The color coding on the diagram illustrates the various focus areas of those
efforts, where the FIT model integrates the results of those efforts into a composite modeling structure.
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Figure B-2. The FIT modeling domain.

B-2.3. Purpose of the FIT Model

The primary objective of the model is to provide an overall system understanding of the tradeoffs between
separations, transmutation fuel fabrication, waste forms, waste disposition, and reactor performance
features of potential nuclear fuel cycle options. The use of the model will result in useful insights in
system performance that DOE can use to make decisions regarding different fuel cycle options, provide
information about how waste can be safely and cost effectively managed, and provide information for
guiding the focus of future fuel cycle research and development.

B-3. Users of the FIT Model

The model is being designed for two major anticipated user groups. The user group will have a direct
bearing on the implementation and timing of the requirements. The model is not intended for use by
people unfamiliar with advanced fuel cycles, their issues, terminology, and basic interrelationships.

Group 1 is the Losses Study Team participants and software developers who will be creating the overall
code and integrating the results from the lower-level detailed models and science into the model. These
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users will be responsible for developing the model, conducting theoretical “what-if” scenarios to test
assumptions and further refine alternatives, assessing the reliability and robustness of model results,
performing overall model verification and validation (V&V), and making suggested changes to the
model. In general this class of users will have access to internal versions of the model for testing,
analysis and experimentation and will also be responsible to resolve quality assurance (QA) issues.

Group 2 includes other various FCT researchers and potentially Department of Energy employees
external to the Losses Study Team. This group will use a compiled or “locked” version of the model to
conduct analysis and “what-if” scenarios within the published functionality of the model. These users
will operate the model through an interface that restricts access to the underlying data and algorithms.
These users will have access to approved and published versions of the software that have been through
an established quality assurance process that verifies and validates the model.

B-4. High Level Functionality

The model will be used to assist in evaluating and improving major fuel cycle options based on cost and
risk trade-off issues e.g., waste management, proliferation resistance, energy recovery, and systematic
fuel management (economics, safety, at-reactor storage) objectives.

The model is NOT intended to actually manage the fuel cycle. For example, there is no intent to track
each fuel assembly from each reactor, as might be required for actual fuel management. The model is not
intended to address transportation issues.

The model could utilize data, structures, and functionality developed by other FCT efforts. Results from
other models such as VISION, VISION.ECON, ORIGEN, AMUSE, Aspen, or spreadsheets may be used.
The FIT model could utilize (a) isotopic flow control and decay, (b) recipes for transmutation analyses,
(c) simplified models for fuel separation and fabrication, (d) fuel cycle cost calculations, and (¢)
flexibility to analyze various combinations and transitions of fuel cycle technologies.

The FIT model could be used to:

e Quickly assess and evaluate, with reasonable accuracy, relative economic trade-offs between a
wide-range of fuel cycle and transmutation strategies.

e Provide an understanding of system sensitivities and areas of greatest uncertainty.

e Simulate feedback impacts from multiple recycling of fuels; for example, the system
implications of multiple recycles of the fuel and build up of impurities.

e Conduct qualitative and quantitative comparisons of alternative fuel cycles with respect to:
o reactor types (e.g., fast, thermal)
o reactor fuel meat (e.g., oxide, metal, ceramic)
o sequencing and timing of recycling
o fuel make-up requirements (due to build up of system poisons)
O energy recovery
o proliferation resistance
o used fuel management (open, modified open, closed)
o processing options ( aqueous, electrochemical, AIROX, etc)
o separations - simple versus complex with multiple product and waste streams

o waste stream characteristics
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o waste form characteristics
o potential waste disposition pathways
O cost.
Typical, but by no means all, of the questions that may be answered using the model include:
e  What strategies can minimize the production of HLW?
e How can separation and fuel fabrication losses and costs be minimized?
e What reactor concepts can minimize the Pu inventory and/or the production of Pu?
e How do different fuel cycle options compare to each other?

Fuel cycle processes are defined fairly generically in the model to allow for a maximum of modeling
flexibility to evaluate a wide range of system configurations. Figure B-3 shows the fuel cycle process
blocks that are to be included in the initial model development of FY-10. These process blocks are
presently limited to the “back end” of a fuel cycle, after used fuel is removed from an initial power
reactor. The current scope of the model was restricted to the fuel cycle back-end processes to enable a
focus on recycling used fuel. Continued development beyond FY-10 may expand the scope of the model
to include front-end processes including ore mining, enrichment, initial fuel fabrication, and initial
reactor.
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The processes in Figure B-3 are briefly described in the following subsections.
B-4.1. Used Fuel Storage

The model allows for storage of used fuels that have been transmuted in commercial light water reactors
(LWRs) or other types of reactors (research, etc.). These fuels may have been stored for decades in wet
or dry storage, or may be recently removed from a reactor. The types of storage processes may include:

e Wet monitored and retrievable storage (water or liquid metal)
e Dry monitored and retrievable storage (air or inert gas)
e Combinations of the above

Key variables for used fuel storage include:

e Used fuel properties (fuel type, initial enrichments, burn-up, estimated composition at time of
reactor discharge)

e Storage duration (1 yr to 400 or 500 yrs).

e Storage capacity

e ES&H and S&S requirements

e Used fuel inspection/isolation requirements

o Different used fuel storage blocks are shown in the figure to enable used fuel from different
sources — commercial power reactors, DOE used fuel inventories, and used fuel recycled from a
recycle reactor used in this model.

B-4.2. Separations

Separation of used fuels could be performed using various technologies and could result in a few products
(U/Pu, HLW) or multiple streams depending upon the selected flowsheet and desired ends states. Interim
storage of products that will be re-fabricated into new fuel is also included. Examples of types of
separation processes include:

1. Aqueous or organic solution
e Solvent extraction
e lon exchange
e Precipitation
2. Non-aqueous
e Jonic Liquids / Electrochemical
e Distillation
e Gaseous
e Supercritical Fluids
e Plasma
e Laser

e Thermomechanical
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3. Other
e (Oxidation
e Reduction

e Zone freeze refining

Key variables for separations and product storage include:
e Flowsheet selection
e Storage time
e Maintenance concepts and annual processing rates
e Separation and process equipment efficiency

e Tolerable/acceptable contamination limits in fuel products and waste streams
B-4.3. Product and Waste Storage

The separations, fuel fabrication, waste treatment, and reactor irradiation blocks will include, as
necessary, appropriate temporary surge storage needed for efficient processing. Beyond that amount of
storage, additional decoupling storage is allowed for product and waste streams that exit one block and
enter another. Temporary storage modules are provided for (a) reusable product materials that exit
separations on the way to fuel fabrication, (b) waste streams that exit separations and fuel fabrication
blocks on the way to waste treatment and packaging, (c¢) fuel and targets that exit fuel fabrication on the
way to reactor irradiation, and (d) waste packages prepared for decay storage or for disposal.

These storage modules are important because unless the used fuel has been aged for several hundred
years, the isotopic composition, heat generation, radioactivity, radiation levels, and radiotoxicity can
change significantly as the product and waste materials decay during this temporary storage. This
temporary storage could be key components of some fuel cycle options. The temporary storage features
must include the capability to tolerate, control, and contain levels of heat generation and radiation
expected for those process materials in each model evaluation.

B-4.4. Transmutation Fuel Fabrication

Transmutation fuel fabrication could be performed using various technologies. The types of fuel
fabrication processes may include the capabilities to produce fuels (or targets) containing these types of
recycled materials:

e Uranium

e Uranium-TRU (oxide and metal alloys)

e TRU only

e Mixed fuels, e.g. heterogeneous assemblies have both UOX and TRU-oxide fuels
e  Minor actinide targets (Np, Am, and/or Cm-Bk-Cf)

e Fission product targets (e.g. technetium or iodine).

Key variables for fuel fabrication include:
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B-4.5.

Fuel material isotopic content that drives needs for new or unique fuel fabrication requirements,
such as inert atmospheres and remote operations/maintenance, and time dependent processing
rates to minimize buildup of decay daughters (e.g. U-232 decay chain)

Fuel fabrication technology
Fuel cladding/coating
Requirements imposed by the reactor.

Waste Treatment and Packaging

Waste treatment and packaging includes the treatment and packing for disposition of all the non-product
streams produced by the separations, maintenance, and other processes in the model. The types of waste
treatment processes can include various waste stabilization technologies that produce waste forms suitable
for packaging, transportation, storage, and final disposal, such as:

Packaging (when no other treatment is needed, or after treatment is complete)
Compaction

Encapsulation (micro or macro)

Grouting and other cementing processes

Evaporation

Calcination (under oxidizing or reducing [steam reforming] stoichiometry)
Mineralization

Vitrification

Incineration

Ion exchange

Filtration

Key variables for waste treatment include:

B-4.6.

Input waste stream properties, especially amounts of TRU losses to waste, and other constituents
of the waste streams (water, acids, organics, salts, etc.) besides the waste components separated
from the used fuel

Waste form requirements imposed by downstream waste storage or disposal processes (WAC)
Waste treatment technologies

Characteristics/limits of the waste forms such as waste loading limits imposed based on durability
and temperature limits.

Waste Storage and Final Disposition

This includes interim waste storage of treated and packaged waste streams prior to disposal. Waste
streams may be additionally held in managed decay storage prior to disposal. Final waste disposition will

include

the final disposal technologies in accordance with current legal waste definitions (10 CFR 61) and

classifications based on waste characteristics (heat, radiotoxicity).

Key variables for waste storage and final disposition include:
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Waste storage duration

Waste limits on transuranics and technetium impurities in waste
Class A/B/C/GTCC disposal waste acceptance criteria (WAC)
HLW disposal repository characteristics/ WAC

Transportation limitations

Heat generation, W/kg

Gamma field, Gy/kg (Sv=sievert, Gy=gray)

Neutron field, n/kg-second or Gy/kg

Alpha field

Assumed date for disposal of waste traditionally considered high level waste or spent nuclear fuel
in a geologic repository

B-4.7. Transmutation

Transmutation may include a broad range of reactor or accelerator technologies (fast, thermal, or
epithermal) using various configurations of cores and blankets. Strategies to recycle fuel from one rector
type to another to maximize transmutation effects may also be implemented to optimize fuel utilization
and transmutation effects. The types of reactors may include:

Light water reactors

Heavy water reactors

Supercritical water reactors

Gas cooled (thermal) reactors

Gas cooled (fast) reactors

Molten salt cooled reactors (salt is coolant only, fuel is solid)
Molten salt fueled reactors (salt is both coolant and fuel)
Sodium cooled (fast) reactors

Lead cooled (fast) reactors

Accelerator driven

Fusion-driven, i.e., fusion-fission hybrid

Key variables for reactor transmutation include:

Types and quantities of fuel impurities (Ln)

Fuel composition adjustments

Type of fuel meat and or combinations — HEU, Pu, Th, etc.
Fuel cladding adjustments

Fuel burn-up

Fuel life
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e Target location in core
e Power level produced by reactors

e Average age of reactors in service

B-5. Modeling Assumptions, Requirements, Structure, and
Constraints

The FIT model will be structured (Figure B-4) to show how system outputs or products are affected by
modification of a given set of independent (input) variables (black box inputs/outputs) while controlling
the other variables with mathematical relationships. The inputs/outputs within the system will have a
characteristic mass, form and composition. Specific constraints (requirement limits) are involved for each
of the black boxes that set the boundaries within which the process functions. These constraints can be
modified as independent variables for the model to evaluate. The model will be used to evaluate impacts
at a sub-system level (e.g., fabrication) and at a total system level.
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Figure B-4. FIT model mass and information flow.
The model will be designed to assess one fuel cycle condition at a time. Results of multiple runs of the
model, using different fuel cycle options, will be used to compare different fuel cycle options.

The modeling structure has to allow us to estimate the mass (e.g. chemical element, key isotopes) of each
mass flow from one box to another. For some boxes, there are other parameters that must be calculated
based on the composition — such as heat, gamma dose, neutron emission, k-effective.

The model must be able to handle appropriate combinations of:
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Fuel material - Th, U, Np, Pu, Am, Cm-Bk-Cf and combinations thereof

Fuel matrix materials, e.g., oxide matrix for UOX/MOX fuels, metal alloy for fast reactor Zr-U-
TRU fuels, oxide or oxycarbide for TRISO

Clad/coat materials, e.g., Zr-alloy, steel clad C/SiC coating.

Other assumptions, requirements, structure, and constraints include:

B-6.

System level cases will be used to test the model after the model structure is created
Existing models and commercial off the shelf software will be used to the extent possible

The model will be developed in FY-10 in support of System Losses trade off studies, for use by
Group 1 users

The model will be distributed and used beyond the INL
The model will be designed to be available for use by other Fuel Cycle Technology users

The model will be of sufficient quality to pass independent review.

Treatment of Modeling Uncertainties and Global Optimization

The model can be run based on discrete data to produce deterministic outputs. Additionally, key variables
(performance, cost) can be described as an uncertainty range or distribution. The model will consist of
multiple features or capabilities:

B-7.

The base level includes the deterministic calculations for all the mass flows in the system

Information and mass flows from subsystems (e.g. separations) to/from the full system must be
carefully considered and linked

Understanding and analysis will be built step-wise
Uncertainty ranges need to be considered and allowed where necessary to bound uncertain values

Attempting to model new ideas is itself an issue identifier. For example, evaluations of
“minimum fuel treatment” variations indicate that even minimal fuel treatment involves physical
or chemical changes to the used fuel, that result in changes to chemical composition. Evaluations
of “minimum fuel treatment” separations options must reflect impacts to separations and
downstream fuel fabrication, reactor, and waste treatment steps.

Metrics

The metrics used to support the FY-2010 Use Cases would include:

Mass flows through the system. Outputs from each functional unit of the model (i.e., black box)
will be derived based on the input streams to, and the features in, that functional unit. These
relationships will be based on the more detailed codes (AMUSE, Aspen, Spreadsheet program or
other means) to compute the changes within the black boxes.

Economics. The primary cost unit will be $/kg-HM, $/MWth energy produced, $/MWe energy
produced, or other cost measure which encompasses the capital and operating costs of fuel cycle
processes and storage. The model must contain algorithms that can convert changes in mass,
form, and composition from the black boxes to changes in cost. The model must be able to
answer questions such as, “How does fabrication or separation costs vary with the
heat/gamma/neutron emission of the mass flowing into the process?”
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B-8. Candidate Modeling Cases

Table B-1 shows candidate cases that could be used to help mature the model. This selection of cases will
be used to illustrate, step-wise, how the model can be used. We do not expect to be able to run all of
these possible cases this fiscal year. Results of initial modeling will be used to determine the sequence of
additional use cases to best build the model capabilities and also begin to show model results in a step-
wise fashion.

Most important will be (a) development of the ability to consider and use information and mass flows
between different blocks of the model, (b) development of the ability to compare different fuel cycle
options and perform sensitivity studies with individual options; and (c) documentation of results tied to
input assumptions and information.

Table B-1. Desired use cases.

Feed | First Recycle Fuel Recycle Comment
Fuel | Separation Separation
Ip FR-oxide at CR=0.50 | UREX+1 FY 2009 cases
2p FR-metal at CR=0.50 | Echem
1 UOX | UREX+l1a FR-oxide at CR=0.50 | UREX+1 Completes DSARR 1-tier
2 UOX | UREX+1a FR-metal at CR=0.50 | Echem scenarios, forces allocation of
tolerable impurities between two
streams
Ic UOX | UREX+la FR-oxide at CR=0.50 | Echem Cross compare fuel-separation,
2¢ UOX | UREX+1a FR-metal at CR=0.50 | UREX+1 putting echem with oxide fuel or
UREX with metal fuel adds
oxidation and reduction steps
Im UOX | AIROX FR-oxide at CR=0.50 | AIROX “Minimal fuel treatment” variants
2m UOX | AIROX FR-metal at CR=0.50 | Melt refine
It MOX | UREX+1a FR-oxide at CR=0.50 | UREX+1 DSARR 2-tier scenarios
2t MOX | UREX+1a FR-metal at CR=0.50 | Echem
1h UOX | UREX+I1a FR-oxide at CR=0.50 | UREX+1 Same as 1/2 except no CsSr
without CsSr without CsSr | removal
removal removal
2h UOX | UREX+l1a FR-metal at CR=0.50 | Echem
without CsSr without CsSr
removal removal
Is UOX | UREX+1a FR-oxide at CR=0.50 | UREX+1 Same as above, but with longer
2s UOX | UREX+la FR-metal at CR=0.50 | Echem interim storage times
la UOX | COEX FR-oxide at CR=0.50 | UREX+1 Enables evaluation of a first
2a UOX | COEX FR-metal at CR=0.50 | Echem separation case where other TRU
elements besides Pu are not
recovered for recycle, but sent to a
single borosilicate glass (BSG)
waste form along with technetium,
lanthanides, undissolved solids
(UDS), other fission products.
In UOX | NUEX FR-oxide at CR=0.50 | UREX+1 Enables evaluation of a first
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2n UOX | NUEX FR-metal at CR=0.50 | Echem separation case where all TRU
elements are recovered for recycle,
and a single BSG waste form
contains technetium, lanthanides,
UDS, other fission products (FP).

Use cases that include other advanced waste forms besides BSG (that can tolerate higher waste loadings,
high heat generation, etc.) are also interesting, but should probably not be included in this year’s analyses,
until after the waste form experts makes more progress in this area.

(no identifier) = the full 1-tier DSARR scenarios

a = COEX (did not come up with a descriptive letter)

¢ = cross compare (use echem on oxide fuel, use UREX on metal fuel)

h = hot (no CsSr removal)

m = minimum fuel treatment

n=NUEX

p = partial in the sense that in FY 2009 we didn't do a complete fuel cycle, only the fast reactor portion of 1-tier DSARR scenario
s = storage (more storage time than the 1-tier DSARR scenario)

t = two-tier DSARR scenario (LWR-UOX to LWR-MOX to fast reactor)

B-9. Products and Outputs

There are many ways to represent tradeoffs between system parameters and various software programs
that could be used to produce the output. Output could be produced using Excel to produce simple 2 or 3-
dimensional outputs. Enhanced outputs (e.g., trade-off surfaces) could be produced by more sophisticated
mathematical software (Maple, MATLAB®).

The following example figures illustrate the types of graphic outputs from the model. In Figure B-5 the
cost performance is shown as a function of time that spent fuel spends in interim storage before being
recycled. Figure B-6 shows the inventory of different types of waste as a function of losses to waste.

Several standard outputs could be automatically generated by the model to enable quick analysis of
system tradeoffs. The outputs would be designed with the flexibility to show inflection points on
surfaces, or show surfaces that evolve with time. A range of system performance measures can be
explored, such as repository performance, fuel performance, and electricity generation, all as a function of
system parameters. Scenario analysis should allow quick comparisons between different technologies
utilizing the same parameter space.
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Cost based on storage time of spent fuel before recycle

N.B.: Values for demonstration purposes only. They do not reflect actual data.

unit cost [ fuel fabrication cost
repository cost
M recycle cost

M storage cost

10
100 300

storage time of spent fuel before recycle (yr)

Figure B-5. Cost based on interim storage time of spent fuel before recycle.

Inventory of different types of wastes based on losses to HLW

N.B.: Values for demonstration purposes only. They do not reflect actual data.

losses to waste

relative

composition

of waste M Cs/sr

types B TRU
B HLW

high

Figure B-6. Waste inventory based on losses to HLW.
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B-10. Software Quality

The model will be evaluated in accordance with the Software Management procedures of the INL (MCP-
2022). The determination of quality level will be made using the quality level determination (QLD)
documentation. We anticipate that the evaluation of FIT model will result in a designation as “Custom
Developed” non-safety software with a quality level classification of QL-3. The application would not be
required to meet the criteria specified for a higher classification level. Data in the deferrable class, if lost,
can affect individual performance, but would not affect INL mission success. Applications in this class
have no requirement to be back on-line within a specified period of time.

Documentation will be prepared as needed and specified by the Software Quality Assurance procedure
(LWP-13620) which may include the following:

a. Software Management Plan (SMP), which will include:
e Software Quality Assurance Plan (SQAP)
e Software Configuration Management Plan (SCMP)
b. Software Requirements Document (SRS)
Software Platform Evaluation
d. Planning and Design Basis (sometimes called a Design description for software or DDS)
e. User documentation

Optional software application documentation that may include a requirements traceability matrix (RTM).

B-11. PERFORMANCE TESTING

Performance testing will be done according to the software quality assurance plan and the software test
plan. Presentations and publications for external communication using data or results from the model will
require peer review before submittal.

Verification and validation refers to the process of determining if the requirements for a system or
component are complete and correct, the products of each development phase fulfill the requirements or
conditions imposed by the previous phase, and the final system or component complies with specified
requirements. Verification evaluates the system or component to determine if it satisfies specified
requirements. Validation evaluates the system or component for proof of correctness. V&V requirements
will be met based on a review of the model performance based on acceptance criteria that is established
for each key modeling requirement.
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Appendix C

Equations for Time-Dependent Parameters
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Define the following basic parameters:

. -th - . . . . . .
o;= cross section of i isotope in units of neutron interactions per target atom per incoming neutron

x 10 cm?

m,; = mass of i"™ isotope (grams)

q.= heat coefficient of i"™ isotope (watts/gram)
M = atomic mass of i"™ isotope (grams per mole)
X, = generic parameter of i"™ isotope (tbd/gram).

For any generic time-dependent parameter, the total value of the parameter is given by:

X(t)=2"x, m,(t)
i Eq. C-1

The problem is that there can be a large number of isotopes involved. The Isotope Parameter and Decay
Tool’s decay engine has a list of 1637 isotopes and typical ANL output files have 952 isotopes.
Fortunately, most of those isotopes are either:

1. Short-lived, so that their contribution to the sum in Equation C-1 can be ignored.
2. Small parameter value, so that their contribution to the sum in Equation C-1 can be ignored.

The second exclusion occurs for most nuclear-related parameters for all the stable isotopes (i.¢., the heat),
gamma, neutron emission from stable isotopes is zero and they are ignored in calculating the sum in
Equation C-1.

To calculate various parameters of interest as simply as possible, we want to find the least number of
isotopes so that Equation C-1 can be approximated by Equation C-2.

X(l) = zxi mi (t) + xlump mlump
tracked Eq C-2

This formulation puts the time dependence in a limited set of “tracked” isotopes, those whose decay we
calculate. The second term is taken as time independent constant. For example, the heat from the Group
1/Group 2 isotopes can be approximated within ~1% as follows over the range of 1 to 1,000,000 years,
which is adequate for our purposes (Piet 2009).

O1) = G500 M09 () + G138 Me134 (D) + G g3sMegi3s (0 + G 37Meg37 (1) Eq. C-3

In other words, we merely have to track four isotopes. Note that in Equation C-3, the “lump” term is zero.
Recall that “lump” includes the stable isotopes, whose heat emission is zero, and the short-lived isotopes,
whose heat is often high but which decay before the fuel cycle management time scale (taken as a
minimum of 1 year after reactor discharge).

Similarly, the mass of Group 1 and Group 2 can be approximated by:
m(t) = My, + Mg,q0 (1) + Mg, + Meyyag () + Megyzs (1) + Mgz (O + Mgy, + Mg, Eq. C- 4

(Equation C-3 is somewhat incorrect for reasons stated below.) Only four of the terms in Equation C-2 are
time dependent, the other four terms are time independent. Work in 2009 [Piet2009] established that the
radioactive isotopes in the “List of 81" are adequate for heat, gamma, neutron, radiotoxicity, and mass
from a few years to 1,000,000 years. There are two caveats or cautions.
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First, when there is a short-lived progeny of a tracked isotope, we have to add its parameter ¢ to that of
the parent g. As an example, most of the heat emitted by Sr-90 and Cs-137 actually comes the decay of
their short-lived progeny Y-90 and Ba-137m respectively. Y-90 half-life is 2.67 days; Ba-137m half-life
is 2.552 minutes. In such cases, the amount of mass of these isotopes at any one moment is negligible. So,
we simply add the heat emitted by the progeny to the parent, and the heat emission calculation is correct
for our purposes. This is done outside of FIT and VISION by adding the appropriate parameters for
progeny to that of parents.

Second, to get the mass right, the mass of an isotope that is tracked must be moved to its stable progeny
as it decays. For Sr-90 and Cs-137 those are Zr-90 and Ba-137. Thus, as Sr-90 decays, the total mass of
Group 1+2 decreases slightly and the mass of zirconium increases. Because cesium and barium are in
Group 1 and 2 respectively, the decay of Cs-137 does not change the mass of Group 1+2; but, if the mass
of Group 1 and 2 must be differentiated, then Cs-137 decay shifts mass from Group 1 to Group 2. Said
another way, if Group 1 and 2 are considered together, the total Group 142 mass is given by:

M Group 142 () = Mg, + Mo, (6) + My, + M54 (0) + Mc35(0) + M55 (0) + My, + Mg, Eq. C-5

Because all three Cs isotopes decay into barium, their decay does not change the total Group 1+2 mass
and therefore the total Group 142 mass is constant except for the decay of Sr-90 to Zr-90. Equation C-5 is
the corrected version of equation 4.

If, however, we want to keep track of the mass of Group 1 and Group 2 separately, the situation becomes
more complicated. The mass of Group 1 is still relatively straightforward; it is given by:

meupl (t) = mRb + mCs134 (t) + mCs135 (t) + mCS137 (t) + mCS—other Eq C-6

The mass of Group 2, however, has the complication that Cs-134, Cs-135, and Cs-137 decay into Ba-134,
Ba-135, and Ba-137.
MGroup2 (2) = Mg g0 () + Mg, _yper +[Mg134(0) = M54 (O] + [m154, (0) — M55 ()] +

(76037 (0) = My 3 (D] + g, Eq. C-7
When one adds Equations C-6 and C-7 together, the time-dependent terms for Cs-134, Cs-135, and Cs-

137 cancel and one recovers Equation C-5. Often, the decay chains for tracked isotopes are sufficiently
simple that the terms in square brackets have a simple analytical expression.

We now have two sets of new issues requiring new analysis.

First, we need to analyze cross sections. The two cross sections we are concerned about are:
Gfission = f18s1on cross section Eq. C-8
Gcapture = Oabsorption - Ofission = O(ny) T O(n2n) T On,a) T Omyp) + other more exotic terms Eq. C-9

Generally, the waste of neutrons (Geapture ) 1S Well approximated by radiation capture, (n,y), but there are
exceptions such as boron, where the absorption of neutrons is dominated by (n,a). Since ORIGEN-2.2
provides cross sections for (n,fission), (n,y), (n,2n), (n,a), and (n,p), I’ll use all of them in calculating
Geapture- 1hus, we need to know Giigsion and Geaprure for each chemical grouping (e.g., Group 1, Group 2,
halogens, etc.). So, I must test whether these two parameters can be approximated by the following
expression that weights cross sections by the number density (hence m/M):
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D> o,m()/ M, +0,,, m,,, | M
O'(f) — tracked

lump

Z m,(t)/ M, +m,,,, | M,

tracked eqn 10

In both Equation C-2 and Equation C-10, the idea is that the time dependence is to be adequately
calculated by the time dependence of the tracked isotopes. If not, we will either have to track more
individual isotopes or provide a look-up table of cross sections as function of time.

The good news is that the first time I looked at cross sections in detail for the losses study in 2009 1
observed that at the top-level, total fission product cross sections are dominated by those of stable
isotopes. This is logical since fission products are typically radioactive if they are too neutron-rich;
absorption another neutron only makes them more neutron-rich and this is unlikely to have a high cross
section. So, [ expect that more cross sections for Group 1, Group 2, etc., will be dominated by stable
isotopes. The trick, however, will be whether a dominant stable isotope is increasing significantly because
something decays into it. For example, consider gadolinium. It has three isotopes with high cross sections
(over 1000 barns).

1. Gd-155 is stable, it is a progeny of Eu-155, which is a tracked isotope
2. Gd-157 is stable, it is a progeny only of very short-lived isotopes
3. Gd-161 is short-lived (1.61 minutes) and can certainly be ignored.

So, the absorption potential of gadolinium fission products will increase with time, first from several very
short-lived isotopes decaying into Gd-157 and then as Eu-155 decaying into Gd-155. If neither of these is
significant, then Ggq157 MGa157(t) can be approximated cgq157 MGq157(0), which is time independent. For
UOX-51, the decay of short-lived isotope into Gd-157 increases mga157(0) by 13% by 0.01 years. As this
is only one of three key gadolinium isotopes, it is unlikely that the net increase of absorption by
gadolinium (or by lanthanides as a whole) is significantly impacted by this, but I have to check. (And
even if so, the easiest fix would be to simply group the appropriate isotopes with gadolinium instead of
their initial element.) However, the decay of Eu-155 into Gd-155 increases mgq;55(0) by a factor of 90 by
t=10 years. This is far more likely to be an issue. If so, the o155 7G4155(t) Will have to be approximated
by:

0Gd155 [MGaiss(0) + {mEuiss(0)-meurss(t)} ]

rather than

0Gdiss mGd155(0)~

Remember, the analogous problem does not occur for heat, gamma, neutron, radiotoxicity because such
stable progeny isotopes (such as Gd-155) are irrelevant. Instead, here, it is the stable isotopes that
typically dominate absorption cross sections, the exact opposite of the parameters I previously studied.

Second, I need to (eventually) recheck the 2009 analyses for the new chemical groupings. I have taken the
first step, which is to split stable masses accordingly (e.g., we have split the old TM-other into transition
metals, other-metals, metalloids, and non-metals). In 2009, I convinced myself that TM-other and LN-
other (and so forth) were adequate approximations (i.e., that Equation C-2 provided an adequate
approximation of heat, mass, gamma, neutron, radiotoxicity with “lump” = TM-other, LA-other, halogen-
other, inert-gas-other, and Mo-Ru-Rh-Pd-other). Those “lumps” (at t = 0) have been split into the
appropriate new, smaller lumps (€.g., 7mo-ru-Rh-Pd-other INTO Mnjo T MRy-Rh-Pd-other)- 1 NUS, the mass of
molybdenum would be given by:
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mino(t) = minto + [M2095(0) — mzos(1)]

which is time-independent; there are no tracked Mo isotopes but Zr-95 does decay to Mo-95. The
question is now whether that approximation is adequate. For Ru-Rh-Pd there are two tracked isotopes.
Ru-106 decays into Pd-106, so there is no net change in mass for Ru-Rh-Pd. Pd-107 decays into Ag-107,
which moves mass from noble metals to transition metals. However, we already know that the Pd-107—
Ag-107 mass is extremely small, so this mass change can be ignored in this example.
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Appendix D

Approach to Calculate Cross Sections



Losses Study
158 September 15, 2010

As describe in the main body of the report, FIT does not simulate hundreds of isotopes. Instead, the non-
radioactive isotopes are presented via lumped parameters, such as lanthanide-other. We therefore had to
estimate the cross sections for these lumped masses. This appendix explains the approach.

Note that (n,2n) and (n,fission) reactions are both sink and source of neutrons. However, our analysis is
simplified to ignore (n,2n) sources of neutrons.

Define the following basic parameters:
6.022 x10% atoms / mole = Avogadro’s constant
@ = neutron flux (neutrons/cm>-s)

o ;= absorption cross section of i"™ isotope (capture + n,2n + n,a + fission) in units of absorptions
2

per target atom per incoming neutron X 10%* cm
_ -th -
m;=mass of 1" isotope (grams)

M = atomic mass of i"™ isotope (grams per mole).

Define the following derived parameters for total or lumped parameters:

mTotal = Zmi
i

Eq. D-1

nTotal = zni
i Eq. D-2
Z(Ti n, Z(Ti n,

O ump = Zni = " Eq. D-3
z M. n, Z M, n,

M = i — i

D Y .
1 q‘ -

The fundamental equation for absorption of neutrons is given by:

o, (absorptions 107 cm® | atom — n) m,(g) (6.022 x10> atoms / mole)
M, (g/mole)

Absorptions | s = ®(n/cm’s) Z

Eq. D-5

which can be rewritten after canceling units:

Absorptions /s = © Z%(O.6022) absorptions | s
i i Eq. D-6
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The fundamental relationship among n, m, and M is given by:

m,(g)(6.022x10% atoms / mole) _om,

n, (atoms) = = —1(6.022x10% atoms / mole)
M, (g/mole) M, Eq. D-7
Therefore combining Equations D-2 and D-7, we obtain:
Myt = Zni (atoms) = Z:ﬁ(6.022x1023 atoms/ mole)
i T M, Eq. D-8
And using Equations D-3 and D-7, we obtain:
ZM N,
my,. . =Y m, (atoms) = :
foret Z,: 3 ) (6.022x10% atoms/ mole) Eq. D-9
By using Equations D-7 and D-8, I can rewrite Equation D-6 as follows:
Z on, Z n,
n 0.6022
Absorptions | s = ® - ( 5 ) ZM n,
Zn (6.022x10 atoms | mole) ZM n,
Eq. D-10
O' um, 22
Absorptions | s = o (02360 ) ZMl.ni
M,,, (6.022x107 atoms / mole) Eq. D-11
. O-lump Total
Absorptions | s = ® ———————(0.6022) absorptions | s
lump Eq. D-12

Equation D-12 is simply equation D-6 with three lumped or total parameters replacing the individual
isotope parameters.

An alternative expression for g, can be derived as follows:

o.m; o.m. o.m.
2.0 fon SO 60022102 Y T 5 i
= =6.022x10% - M, = - M, - M,

O-um
" ZI’I N rotar Notal 6.022)610232% Z m;

o M T M g D13

So that gy,,, is seen as the weighted sum of g; with the weights being either the number density (») via
Equation D-3 or equivalently (m/M) via Equation D-12.

An alternative expression for M;,,,, can be derived as follows using Equation D-9:

ZM n;
" rotal (6.022x10% atoms | mole) = P rotel —Loel (6,022 x10% atoms | mole)

lump =
Z n Z n nToml

Or,

Eq. D-14
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P M M Eq. D-15

m.
Our approach holds Z—’ constant. Examination of equations D-13 and D-15 show that it does not

because this term disappears when one takes ,,/Mmp.-
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Appendix E

Justification for Time-Independent Cross Sections
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This appendix explores the validity of treating capture cross section for fission products for “other”
isotopes (the ones we treat as stable) as being constant. The following examples use UOX-51.

Approximation
Radioactive — for each isotope, cross section x mass (t)

Other — lumped cross section at shutdown x mass (t)/mass(t = 0), mass only changes as radioactive
isotopes decay into the “other” box

Issues
Short-lived isotopes changing the mass of “other”—not found to be an issue.

As radioactive isotopes decay into “other,” it can raise the capture potential more than its fraction change
in “other” mass.

Group 2 is underestimated by the approximation by a factor of 2.5 by 300 years. However, this is
overwhelmed by Group 1 for any option in which Group 1 and 2 are kept together.

Lanthanides are underestimated by the approximation by a factor of 1.5 by 300 years.
Options
Live with the approximations as they now. Conduct off-line estimate of how much this impacts answers.

The fix (if required) would be to breakout a separate term for the “other” cross section to reflect the
change in mass of that particular stable isotope. The two fixes would be:

1. Divide Ba into Ba-other and Ba-137 so that the impact of Cs-137 decaying into stable Ba-137
would be accounted for.

2. Split Gd-155 from other lanthanides so that the impact of Eu-155 decaying into stable Gd-155
would be accounted for.

Group 1
Stable isotopes dominate quite strongly and they do not increase significantly.

Approximation is fine, 2% error from 1 to 300 years.
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Figure E-1. Cross sections (in barns) of Group 1 as calculated by the isotope tool.

Group 2
Stable isotopes (especially Ba, not Sr) dominate but they increase as the Cs isotopes decay into them

At discharge, Ba-138 is 88% of Ba mass, Ba-137 is only 4%. By 300 years, Ba-138 is only 46% of Ba
mass and Ba-137 is 45%. The mass of Ba total increases a factor of two, mostly because of Ba-137
growth as Cs-137 decays. Ba-137 mass increases a factor of 22.

Problem is that the cross section of Ba-137 is 13 times higher than Ba-138, so as Ba shifts from 88% Ba-
138/4% Ba-137 to 46% Ba-138/45% Ba-137, the approximation captures the increase in mass (2x) but
not the isotopic change.

Approximation understates Sr-total capture potential by factor of 2.5 by 300 years.

However, if one considers Gruop1+Group2 (dominated by G1), then the error is fine.
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Figure E-2. Cross sections (in barns) of Group 2 as calculated by the isotope tool.

Lanthanides

First, Figure E-3 is a plot of all the lanthanide tracked isotopes and individual lanthanide elements. Figure
E-4 zooms in on the most important lines to illustrate the details.
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Figure E-3. Cross sections (in barns) of the lanthanides as calculated by the isotope tool
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This plot shows a few interesting things from 1 to 300 years.

Sm-147 increases 1.9x as Pm-147 decays into it. Since both are tracked isotopes, this effect is
automatically accounted for.

The value of Eu-other increases 2.5x as Sm-151 decays into stable Eu-151.

Gd increases a factor of 5.9x as Eu-155 decays into stable Gd-155. Gd-155 itself increases a factor of 91,
going from a minor part of Gd to a dominant part.
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Figure E-4. Cross sections (in barns) of selected lanthanides as calculated by the isotope tool

So, essentially the lanthanide-total increases a factor of 1.21, but the approximation of lanthanide-total
decreases by a factor of 0.80 (as tracked isotopes decay), so that by 300 years the approximation of
lanthanide-total is underestimated a by a factor of 1.5.

Noble metals

The approximation replicates the cross section to within 3%, as illustrated in Figure E-5.
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Figure E-5. Cross sections (in barns) of selected transition metals as calculated by the isotope tool

Other metal
The approximation matched within 1%.
Metalloids (antimony, tin)

Figure E-6 shows the cross sections of metalloids. There is 5% error through 300 years, due to Sb-125
decaying into Te-125. We consider this acceptable.
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Figure E-6. Cross sections (in barns) of selected transition metals as calculated by the isotope tool
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Group 17 (halogens)

The approximation matched more exact calculations within 1%.

Group 18 (inert gases)

The approximation matched more exact calculations within 1%.

Niobium

The approximation matched more exact calculations within 1%.

Technetium

Neutron capture by Tc is dominated by Tc-99, which is tracked.

Cadmium

The approximation matched more exact calculations within 1%.



